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ABSTRACT
Influence of Subglottic Geometry on Computational and Synthetic
Vocal Fold Model Vibration
Simeon L. Smith
Department of Mechanical Engineering, BYU
Master of Science
The voice plays a vital role in human communication. The purpose of voice research is to
advance the understanding of voice production physics, with the ultimate goal of leading to
improved voice care. In this research computational and synthetic vocal fold models were used
to explore the role of subglottal geometry in vocal fold vibration. Three specific studies were
performed. First, the effect of the inferior vocal fold surface angle on voice production was
investigated using a two-dimensional self-oscillating finite element vocal fold model. Varying
the inferior angle resulted in significant changes to model vibratory motion, glottal width, flow
rate, and energy transfer. The changes were attributed primarily to changes in structural, rather
than aerodynamic, factors. Second, subglottic stenosis (SGS) was introduced and parametrically
varied in a similar computational model to determine the influence of SGS on vocal fold
vibration. High severities of SGS influenced several factors related to vibration, including glottal
width, flow rate, flow resistance, and vibration frequency. Subglottal pressure distributions and
flow patterns were also affected. Third, the response of a self-oscillating silicone vocal fold
model to varying degrees of SGS in an experimental setup was studied. Consistent with the
computational SGS study, SGS had an effect on the synthetic model response at high severities.
Changes were seen particularly in subglottal pressure and radiated acoustic sound, and
consequently glottal efficiency, which may have important implications regarding the effect of
SGS on the human voice.

Keywords: vocal folds, vocal fold modeling, subglottis, inferior surface angle, subglottic
stenosis, Simeon L. Smith
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1.1

INTRODUCTION

Background

1.1.1 Purpose of Voice Research
Voiced speech is a powerful tool for human communication. For most people the voice is
an essential component of everyday interactions, and some rely heavily on their voice for their
livelihood (e.g., singers, coaches, teachers, etc.) Disorders of the human voice occur rather
commonly, with about 7.5 million people being affected in the U.S. alone (NIDCD, 2010).
Because of the vital role of the human voice, such disorders can severely affect quality of life.
The primary motivation for voice research is to increase understanding of normal and
pathological voice production through application of engineering, physics, and medical
principles and practices, which in turn leads to clinical advances. Research in the past few
decades has greatly enhanced understanding of the structure and mechanics of the vocal folds
and their function during voice production. Through clinical application, this improved
understanding has led to better diagnosis, prevention, and treatment of voice disorders, thus
improving the quality of life for those who suffer from voice disorders.

1.1.2 Voice Anatomy and Function
Figure 1-1 shows the basic anatomy of the larynx, including the vocal folds. The larynx is
situated in the anterior portion of the neck and joins the trachea and the vocal tract (mouth and
1

nose). Attached to the inside wall of the larynx are the vocal folds. This matching pair of soft
tissue folds is positioned just behind and below the laryngeal prominence of the thyroid cartilage
and is the functional mechanism of the voice. As shown in the figure, the glottis is the airway
space between the vocal folds, with the supraglottis above and the subglottis below. The
subglottis and its geometry are central subjects of this thesis research.

Vocal folds

Supraglottis

Glottis

Subglottis
Vocal fold

Flow
Figure 1-1. Geometry of the human larynx from sagittal (left image) and coronal (right image) planes
(adapted from Gray’s Anatomy of the Human Larynx, images public domain, www.bartleby.com).

The human voice is produced by flow-induced vibration of the vocal folds. Air is driven
by pressure from the lungs through the larynx. Self-oscillation of the vocal folds is initiated as
the vocal folds move close together medially and air with sufficient pressure is forced through
the nearly closed glottis. The oscillations produce pressure fluctuations in the air jet which travel
through the vocal tract and out of the mouth, generating audible sound.
2

Important to the vibratory characteristics of the vocal folds is their tissue composition.
The vocal folds consist of various layers of tissue (Figure 1-2), each with differing mechanical
properties. The epithelium is a very thin, relatively strong, outermost layer which helps protect
the vocal folds during vibration. The lamina propria consists of superficial, intermediate, and
deep layers. The extremely soft, gel-like tissue of the superficial lamina propria becomes
progressively stiffer through the intermediate and deep layers as the density of collagen fibers
increases. The deepest and largest layer is made up of the thyroarytenoid muscle. The loose
superficial lamina propria allows continuous, vertically propagating wave-like movement of the
vocal fold surface during vibration, which constitutes the “self-oscillation” and creates the
pressure fluctuations necessary for sound. The stiffer intermediate and deep layers of the lamina
propria and the muscle assist in vocal fold posturing and tension, which affect pitch and sound
quality.

1.1.3 Vocal Fold Modeling
The most physiologically accurate methods for studying the voice use real vocal folds,
including in-vivo studies and excised larynges. Measurements acquired in these ways, however,
have limitations. In-vivo studies are restricted to imaging from a superior view, which does not
allow full exploration of the larynx and suffers from poor spatial resolution. Excised larynges are
fairly difficult to obtain and are hard to work with because of tissue sensitivity. Both of these
methods are also generally not suitable for parametric studies involving varying geometry and
material properties.

3

Muscle

Epithelium
Superficial
Intermediate
Deep

Lamina Propria

Figure 1-2. Coronal cross section of vocal folds showing various tissue layers.

Models of the vocal folds have been and are commonly used as a practical alternative
method for studying the voice. Among the types of models used are synthetic (Titze et al., 1995;
Berry et al., 2006) and computational (Story and Titze, 1995; Zhao et al., 2002). Some of the
benefits of these models are that they are simple and inexpensive to create, are easily
parameterized, and allow for measurement and observation of flow and tissue dynamical
characteristics which are otherwise unattainable with real vocal folds. While they do not
perfectly simulate vocal fold behavior because of simplified geometry and inability to exactly
match material properties, computational and synthetic vocal fold models have been a key tool in
gaining insight about the details of vocal fold vibration and the corresponding roles of other
components of the vocal tract.

4

1.2

Motivation
An important area of voice research is the investigation of the influence of laryngeal

geometry on vocal fold vibration. Prior studies have explored how glottal and supraglottal
geometry affect vocal fold vibration, and other studies have shown that certain properties of the
subglottis affect vocal fold vibration. Yet to be explored, however, is the specific influence of
subglottic geometry on vocal fold vibration. Two questions regarding subglottal geometry deal
with 1) the inferior vocal fold surface angle and 2) subglottic stenosis. These are described
below, along with a brief statement of the state of relevant research. A more detailed literature
review is provided in subsequent chapters.

1.2.1 Inferior Vocal Fold Surface Angle
The inferior surface of the vocal fold, the tapered portion below the glottis, has been
shown to display various angles (θ, Figure 2-1) between human subjects and to vary during voice
production (e.g., Agarwal et al., 2003; Nanayakkara, 2005). This inferior angle can also be
altered due to surgical procedures (Grisel et al., 2010). While studies of the angle of the medial
surface (glottis) have provided evidence that glottal angle strongly influences vocal fold
vibration (Hofmans et al., 2003; Scherer and Shinwari, 2000; Li et al., 2006b), the influence of
the inferior angle on vocal fold vibration has not been rigorously studied. One previous study
suggested that the inferior angle has little effect on intraglottal pressure distributions; however,
this was performed using a rigid model that did not self-oscillate (Li et al., 2006a). Thus, the
effect of altering the inferior angle on vocal fold vibration needs to be further explored using
self-oscillating models.

5

1.2.2 Subglottic Stenosis
Subglottic stenosis (SGS) is a narrowing of the airway below the vocal folds. Depending
on the severity of the stenosis, it can severely affect breathing and is often associated with a
degradation in voice quality (Poetker et al., 2006; Giudice, 2003). In addition, many patients who
undergo surgery to remove stenosis experience a marked change in voice quality (Smith et al.,
1993). Studies that have modeled SGS have been concerned, understandably, only with its effect
on respiration. While one study sought to quantify voice quality in SGS patients pre-surgery
(Ettema et al., 2006), no studies have been performed to explore the effect of subglottic stenosis
on the physics of vocal fold vibration. The influence of subglottic stenosis on vibrating vocal
fold models has yet to be explored.

1.3

Thesis Overview
The purpose of this thesis research was to study the influence of subglottic geometry on

voice production. Specifically, the separate effects of the inferior vocal fold surface angle and
subglottic stenosis on vocal fold model vibration were investigated. The studies were performed
using self-oscillating computational and synthetic vocal fold models in order to investigate the
fully-coupled fluid and solid model dynamics. It is anticipated that the results of this research
will provide insight into the role of subglottal geometry on voice production and motivate future
related work.

6

1.4

Thesis Outline
This thesis is subdivided as follows:
1) Effect of inferior angle on the self-oscillation of a computational vocal fold model
(Chapter 2).
2) Influence of subglottic stenosis on computational vocal fold model flow-induced
vibration (Chapter 3).
3) Influence of subglottic stenosis on synthetic vocal fold model flow-induced vibration
(Chapter 4).

1.4.1 Effect of Inferior Angle on the Self-Oscillation of a Computational Vocal Fold
Model (Chapter 2)
Inferior surface angle was systematically varied in a parametric, self-oscillating
computational model of the vocal folds in order to determine the aerodynamic and structural
effects of changing geometry on model vibration. Model responses to the various angles were
compared by qualitative motion analysis and by quantitative measurements including glottal
width, flow rate, frequency, and energy transfer.

1.4.2 Influence of Subglottic Stenosis on Computational Vocal Fold Model Flow-Induced
Vibration (Chapter 3)
Subglottic stenosis was simulated using a similar computational model as was used in the
inferior angle study. Changes in vocal fold model vibration due to varying degrees of stenosis
severity were analyzed. The effect of the stenosis was characterized by examination of solid
model dynamics, flow and vibration frequency measurements, and flow visualization.
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1.4.3 Influence of Subglottic Stenosis on Synthetic Vocal Fold Model Flow-Induced
Vibration (Chapter 4)
An experimental setup was created to model an airway with subglottic stenosis. The
vibration of silicone, self-oscillating vocal fold models in response to varying degrees of stenosis
was investigated. Measurements of pressure, flow, vibration frequency, radiated acoustics, and
high-speed images were performed.

8

2

2.1

EFFECT OF INFERIOR ANGLE ON THE SELF-OSCILLATION OF A
COMPUTATIONAL VOCAL FOLD MODEL

Introduction
Flow-induced oscillation of the human vocal folds is the primary mechanism for voiced

sound production. Geometry plays an important role in governing the structural vibratory
response as well as in influencing the pressure distributions that drive self-oscillation.
Consequently, not only is geometry important in healthy phonation, but marked changes in voice
quality have been associated with surgical procedures that have altered vocal fold geometry (e.g.,
Smith et al., 1993). It is therefore important to understand the relationships between vocal fold
geometry and oscillation.
As illustrated in Figure 2-1, the airway around the vocal folds can be decomposed into
subglottal, glottal, and supraglottal regions. Prior research has shown that the glottal angle ( ,
Figure 2-1) sweeps through a range of glottal angles as the mucosal wave propagates superiorly
and as the glottis profile alternates between convergent and divergent orientations during vocal
fold vibration. The prephonatory glottal angle can also vary and influence the ease of phonation.
For example, studies of flow through a glottis of different angles showed that some angles yield
more favorable flow conditions than others for initiating and sustaining vocal fold vibration
(Chan et al., 1997; Lucero, 1998). Other studies have examined glottal pressure distributions in
models with varying glottal angles, giving complete pressure distributions for various symmetric

9

and asymmetric glottal configurations (Scherer and Shinwari, 2000; Scherer et al., 2001;
Shinwari et al., 2003; Li et al., 2006b). Some of the same studies have shown how convergent
and divergent glottal angles relate to factors such as flow resistance, diffuser efficiency, and flow
separation location (Hofmans et al., 2003; Scherer and Shinwari, 2000; Li et al., 2006b).

Vocal
folds

Supraglottis
Glottis


Subglottis

Vocal
fold

Flow



Flow
Figure 2-1. Geometry of the human larynx from sagittal (left image) and coronal (middle image) planes
(adapted from Gray’s Anatomy of the Human Larynx, images public domain, www.bartleby.com). Right:
idealized vocal fold outline with convergent prephonatory glottal angle.

As is the case with the glottal angle, the inferior surface profile (, Figure 2-1) may also
vary. Measurements made on laminagraphic tracings of the vocal fold contours taken during
phonation have revealed that the inferior and superior surface angles vary somewhat during the
phonatory cycle, and that the average angles over the cycle vary significantly between human
subjects (Agarwal et al., 2003; Nanayakkara, 2005). Studies with excised canine larynges,
distributed mass models, and finite element models also show motion of the inferior and superior
vocal fold surfaces throughout the oscillatory cycle (Saito et al., 1981; Fukuda et al., 1983; Baer,
1981; Titze, 1981; Alipour et al., 2000). In addition, surgical procedures, particularly those that
medialize paralyzed vocal folds, can result in considerable changes to the angle of the inferior
vocal fold surface (Grisel et al., 2010).
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Notwithstanding these studies demonstrating the existence and importance of variations
in inferior surface profile, focused, parametric investigations of the influence of the inferior
surface angle on vocal fold vibration have been very limited. Two studies have explored the
effect of the subglottis profile on turbulence production using static models (Oren et al., 2009;
Grisel et al., 2010). Another study explored how both the inferior and superior angles affected
pressure distributions in static computational vocal fold models (Li et al., 2006a). Thus, while
inferior surface geometry has been studied in the context of these factors, it has not been studied
using self-oscillating models.
The purpose of this study was to explore how parametrically altering the inferior surface
angle affected the predicted flow-induced response of a deformable computational vocal fold
model. Model responses to both fully-couple fluid-structure interaction loading and purely
aerodynamic loading were studied. Output variables including model motion, flow rate,
intraglottal pressure, and energy transfer were analyzed to determine the sensitivity of the model
to changes in inferior surface angle.

2.2

Methods
A finite element model with distinct but fully-coupled air flow (fluid) and vocal fold

(solid) domains was created using the commercial fluid-structure interaction solver ADINA
(ADINA R&D, Inc.) ADINA has previously been used in other studies of vocal fold flowinduced vibration (e.g., Thomson et al., 2005; Decker and Thomson, 2007). The model was twodimensional and utilized lateral symmetry for computational efficiency.
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Epithelium
E = 50,000 Pa
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E = 14,900 Pa

10.75 mm
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8.45
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110 mm

Figure 2-2. Solid (top) and fluid (bottom) domains, including material properties, for computational model
with 40° inferior surface angle. The solid layers had densities of 1070 kg/m3 and Poisson’s ratios of 0.49. The
epithelium thickness was 50 μm.

The solid domain included four material layers, with an idealized exterior geometry similar to
the model described by Scherer et al. (2001) with the modification of a  = 4° (ref. Figure 2-1)
convergent-shaped glottis (see Figure 2-2 for geometry and material properties). The four layers
generally represented (1) the epithelium, (2) the superficial lamina propria (Reinke’s space), (3)
the intermediate and deep layers of the lamina propria (ligament), and (4) the muscle (body)
(Hirano et al., 1981). To allow for large displacement and large strain, a hyperelastic
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Ogden material was defined for the superficial lamina propria, ligament, and body layers using
nonlinear stress-strain properties. The shape of the stress-strain curves were derived from the
equation
(2-1)

,

used by Alipour and Titze (1991) to model the high strain portion of the stress-strain curve for
vocal fold tissue. In this equation A was varied while B remained constant. A value of B=10.5
was derived by fitting this curve to stress-strain data for vocal fold lamina propria reported by
Chan et al. (2007). The Young’s modulus tangent to the stress-strain curve is given by
⁄

. Rearranging this equation allows A to be found for each layer by substituting

values for the elastic modulus (E) at a given strain (ε) into the equation

. For the

present study, values for the elastic modulus of the body, cover, and superficial lamina propria
layers were determined by a calibration process. The goal of the calibration was to achieve a
model response which yielded glottal width amplitude in the expected physiological range (on
the order of 1 mm) and vibratory motion which reasonably resembled human vocal fold vibration
(convergent-divergent glottal profile and mucosal wave). The calibration examined ranges of
elastic modulus values which were within the expected physiological range for each tissue layer.
The ranges were roughly 3 to 45, 0.5 to 2.6, and 0.2 to 1.6 kPa for the body, ligament, and
superficial lamina propria, respectively. Trial simulations were run, examining the model
response to a few different modulus values for each individual layer at a time, in order to
determine how changing the properties for a given layer affected the model response. Modulus
values and combinations were further varied in a manner that was predicted to give a better
model response based on previous simulations. This process was repeated until a combination of
modulus values was found which gave a sufficiently desirable model response. The final elastic
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moduli for each individual layer,were 0.4, 2, and 14.9 kPa for the superficial lamina propria,
ligament, and body layers, respectively. Considering these values to be the slope of the stressstrain curve at 10% strain (ε = 0.1) yielded A = 22.4, 112.0, and 834.5 Pa for the three respective
layers. The epithelium was defined using linear stress-strain data with an elastic modulus of 50
kPa. Damping in the solid model was estimated using the Rayleigh scheme. The specified
damping ratio, also determined through calibration in conjunction with the elastic modulus
values, was around 0.05 for constants of α = 56.549 and β = 3.979×10−5 for the frequency range
between 100 and 300 Hz.
The fluid domain (also shown in Figure 2-2) consisted of subglottal, glottal, and
supraglottal sections. Air with a density of 1.2 kg/m3 and a viscosity of 1.8×10−5 Pa·s was used.
A pressure of 600 Pa was applied to the inlet. The outlet pressure was set to zero. A fluidstructure interaction boundary condition enforced consistent displacement and stress between the
fluid and solid domains along the fluid-solid interface. The symmetry line was defined using a
slip-wall condition, and the remaining fluid domain lines were defined using no-slip wall
conditions. The flow solver was based on the unsteady, viscous, laminar, incompressible,
Navier-Stokes equations. The initial gap between the vocal fold medial surface and the symmetry
line was 0.05 mm. To prevent total collapse of the fluid domain mesh during vibration, a rigid
contact line was placed 0.03 mm above the medial surface, prohibiting motion of the solid model
past 0.02 mm from the symmetry line. This resulted in a minimum allowed total glottal width of
0.04 mm.
As shown in Figure 2-3, model geometry was parameterized to create cases with five
different inferior surface angles ranging from 15° to 45°. These were the same angles used by Li
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et al. (2006a) and are based on a range of values found in humans by Nanayakkara (2005). Other
geometric features shown in Figure 2-2 (e.g., cover layer thickness, exit and entrance radius
values) remained constant.

Flow

45
°

40° 35°

25° 15°

Figure 2-3. Vocal fold surface profiles for five inferior surface angles.

In order to consider aerodynamic as well as coupled fluid-solid dynamic responses, three
types of simulations were performed for each of the five inferior surface angles. First, fluidstructure interaction (FSI) simulations were performed in which the complete vocal fold model
was allowed to interact with the airflow. These are here referred to as the “fully-flexible” cases.
Second, simulations of just the airflow were performed using rigid vocal fold models, as was
done by Li et al. (2006a) (“static” cases). Third, partially rigid vocal fold models were studied in
order to exclude effects from structural changes as the inferior angle changed. This allowed for
the influence of subglottal aerodynamics on model vibration to be investigated, i.e., to determine
the degree to which changes in model vibration patterns could be attributed solely to changes in
subglottal aerodynamics, as opposed to changes which were due to vocal fold structural
dynamics. This was done by adapting the model so that the vibrating portion was a solid model
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with a 10° inferior angle, and the remaining geometry given by the desired inferior angle was
fixed (see Figure 2-4). FSI simulations for the partially rigid models were run for each angle
using the same parameters as the fully-flexible simulations.

Figure 2-4. Partially rigid vocal fold model (40° case). Shaded area represents fixed portion.

Simulations were performed to ensure that the results were reasonably independent of
grid density, time step size, and convergence criteria. These were performed using the 45° case.
The study included sequentially varying the grid density by factors of two, the time step size by
factors of two, and the convergence criteria by factors of ten. Results were compared by
analyzing glottal width waveforms. Glottal width was calculated as twice the minimum lateral
distance between the vocal fold medial surface and the symmetry line. Figure 2-5 includes
results of the grid-independence study. The top plot gives glottal width for three grid densities
during the first 0.05 sec of the simulations. It was observed that the results from the model grid
simulation were not entirely independent of grid density. However, the responses were very
similar, as can be seen in the bottom plot of Figure 2-5 showing the waveforms for all three grid
densities over a normalized oscillatory cycle. Thus, in this case, the results of the model grid
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simulations and the other grid simulations were deemed to be satisfactorily close. Results for
both the time step size and convergence criteria independence studies, shown in Figure 2-6,
yielded considerably less change. The final parameters were as follows. Fluid domain meshes
(Figure 2-7) had gradually higher mesh density closer to the glottis and consisted of roughly
32,000 nodes for all cases, maintaining the same mesh density for all cases. The solid domain
meshes (Figure 2-8) were of fairly uniform density throughout the domains, and again the same
density was used in all cases. They contained approximately 42,000 to 54,000 nodes, depending
on the inferior surface angle. Solutions for 6000 time steps with a simulation time step size of
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2.5×10−5 s were obtained.
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Figure 2-5. Grid independence study results, comparing minimum glottal width for three grid densities
during the first 0.05 sec of the simulations (top) and waveforms over a normalized steady-state cycle (bottom).
Model grid density,
Grid-halved density,
Grid-doubled density
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Figure 2-6. Top: Time step independence study results, comparing glottal width for three time step sizes.
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Figure 2-7. Fluid domain mesh, with view of entire domain (top) and zoomed view of glottal region (bottom).
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Figure 2-8. Solid domain mesh, with view of entire domain (bottom) and zoomed view showing medial portion
of the vocal fold model (top).

2.3

Results

2.3.1 Overview of Model Responses
For the fully-coupled FSI cases, self-sustained oscillation was achieved for all but the 15°
model. Vibration frequencies were 225, 229, 228, and 235 Hz for the 45°, 40°, 35°, and 25°
19

cases, respectively. Instantaneous medial surface profiles are shown in Figure 2-9 for six phases
of the oscillatory cycle. The selected phases correspond to instances of significance pertaining to
motion and energy transfer (ref. Figure 2-10 and Figure 2-13 as well as Section 2.3.5 below).
The first phase (t/T = 0) corresponds to a “closed” glottis, or the time at which the glottal gap
was at its minimum. The second and third phases (t/T = 0.2 and 0.35) were during glottal
opening. The maximum opening and the point of transition between opening and closing motion
occurred at the fourth phase (t/T = 0.6). The fifth and sixth phases (t/T = 0.73 and 0.85) were
during glottal closing. General characteristics of the vibration were that it took place primarily in
the medial portion of the cover, with a wave-like movement along the medial surface which
resembled a mucosal wave, and with a glottis profile that alternated between a convergent shape
during opening and a divergent shape during closing.

Figure 2-9. Model surface profiles at six normalized times throughout the oscillatory cycle (T = period).
Dotted lines denote contact line position. Circular markers denote flow separation points.
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The vibratory behavior was similar for the 45°, 40°, and 35° models. For these models
inferior-superior displacement was minimal and both the wave-like motion and convergentdivergent shape were apparent through the entire glottis. The only noticeable difference among
these first three cases was a slight increase in vertical displacement of the profile as the inferior
angle decreased. The point along the profile of minimum glottal width appeared to be essentially
the same at all phases for these first three cases. Greater differences were seen, however, in the
movement of the 25° model. In this case there was a more substantial increase in inferiorsuperior model displacement, and a smaller portion of the medial surface (roughly the upstream
half) was involved in the alternating convergent-divergent profile change. The downstream half
of the medial surface for the 25° model remained in a basically divergent orientation throughout
the cycle. The profile of the 15° model is shown the same in all of these figures because selfoscillation was not sustained for this model. This model’s steady-state superior displacement
much greater than the other cases, and its glottal profile was divergent.

2.3.2 Glottal Width
Steady-state glottal width waveforms are shown in Figure 2-10. For reference, steady
state glottal width for the 15° case was 0.47 mm (not shown). Glottal width was essentially the
same for the 45° and 40° models. These cases reached full closure (touching the contact plane)
for approximately 15% of the cycle and a maximum glottal width of about 0.96 mm. The 35°
model’s maximum glottal width was slightly smaller (about 0.88 mm). The most significant
difference is observed in the response of the 25° model. This model reached a maximum glottal
width of 0.67 mm (approximately 30% smaller than that of the other models), and incomplete
glottal closure (0.16 mm compared with 0.04 mm for the other models).
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Figure 2-10. Steady-state glottal width for fully-flexible model simulations. Vertical dotted lines correspond to
phases shown in Figure 2-9.

2.3.3 Flow Rate
Flow rate waveforms are shown in Figure 2-11. To approximately scale the twodimensional flow rate data to a three-dimensional model, the flow rate data were multiplied by
1.5 cm (characteristic length of the human vocal folds). The waveform shapes show the
maximum and minimum flow closely corresponding to the maximum and minimum glottal
width. The exception is the negative flow that occurred between t/T ≈ 0.8 to t/T ≈ 1, which was
due to reversed flow outside of the glottal jet in the supraglottal region. Similar differences in
peak flow rates were seen as with glottal widths. Peak flows were 440 and 437 ml/s for the 45°
and 40° models, respectively. A slight decrease (9%) occurred for the 35° inferior model and a
greater decrease (30%) occurred for the 25° model. Flow rates at glottal closure were around 40
ml/s for all cases except 25°, which was 122 ml/s. Average flows over the cycle were 198 ml/s
for the 25° case and around 177 ml/s for the others.
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Figure 2-11. Flow rate over steady-state cycle of fully-flexible model simulations.

2.3.4 Partially Rigid Model Responses
Self-oscillation occurred for all inferior angle cases of the partially rigid model with a vibration
frequency of approximately 242 Hz for all cases, slightly higher than the frequencies for the
fully-flexible cases. Vibratory motion also differed from that of the fully-flexible models. Motion
was restricted in the inferior third of the medial surface because of the attached rigid portion,
while the superior two-thirds alternated between a convergent and slightly divergent profile. In
comparing the medial surface motion among the inferior angle cases for these models, no
noticeable differences were observed. Figure 2-12 shows glottal width and flow rate for these
simulations. Both glottal width and flow rate amplitudes were less than those seen for the fullyflexible cases. The waveforms are essentially identical for all the cases, confirming that there are
no differences in vibratory motion among the cases. The only deviation is a slight time shift
between the 45° and the other cases; otherwise, the waveform shapes and frequency were
consistent.
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Figure 2-12. Glottal width and flow rate waveforms for a steady-state cycle of partially rigid model
simulations.

2.3.5 Energy Transfer
Figure 2-13 shows steady-state aerodynamic energy transfer rate (power) and average
intraglottal pressure for the fully-flexible cases. Energy transfer rate is the product of force and
velocity, and was here calculated by
̇

∫

(

)(

)

,

(2-2)

where ̇ is the energy transfer rate due to normal stress on the vocal folds with units of power
(Joules per second), u is the fluid velocity, p is the fluid pressure, n is the control surface outward
normal unit vector (points out of the fluid domain), and S represents the control surface (vocal
fold surface). The integrand, denoted by ̇ , is equivalent to intensity or energy flux (energy per
unit time and per unit area). Typically, there is an additional viscous stress term ( ̇ ) which,
following the analysis by Thomson et al. (2005), is here assumed to be negligible. According to
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this equation, a positive energy flux ( ̇ ) occurs when the normal pressure acting on the vocal
folds is in phase with the component of velocity normal to the vocal fold surface.
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Figure 2-13. Aerodynamic energy transfer rate (power) and average intraglottal pressure for fully-flexible
cases over a steady-state cycle.

General trends for energy transfer rate to the vocal fold model included alternating
positive and negative values during glottal opening, higher values during the closing portion of
the cycle, and nearly no energy transfer for an “open” and “closed” glottis. Average intraglottal
pressure can be seen to have correlated relatively well with power, i.e., varying pressures can be
seen within the first half of the cycle, and negative pressure can be seen to have occurred during
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closing at the times of peak power. Positive energy transfer during opening was produced when
the general motion was lateral (a positive normal velocity component) and the average
intraglottal pressure was positive. During closing the negative average pressure coupled with
closing motion (negative normal velocity component) again resulted in positive energy transfer.
At the points of maximum and minimum glottal width, the major contributor to low energy
transfer was the low surface velocity of the vocal fold associated with changing direction of the
surface motion.
As with the other output measures discussed above, while little difference in energy
transfer rate behavior was observed among the 45°, 40°, and 35° models, greater dissimilarity
existed between these and the 25° model. For the three highest angles, the waveforms and peak
power values were comparable, with the 40° case showing a slightly higher peak than for the
other cases and the 35° case varying slightly from the other cases throughout the cycle.
Compared to these cases, the major difference apparent in the 25° case was lower amplitude.
While the waveform bore a similar shape to the higher angle cases, amplitudes of both positive
and negative energy transfer rate were generally lower throughout the cycle. The peak power for
the 25° case was substantially lower than the others. Total cycle energy transfer values (integrals
of energy transfer rate over one period) also followed this trend. The greatest energy transfer of
1.22×10-5 J was seen for the 40° case. The 45° and 35° cases yielded values of 1.21×10-5 and
1.00×10-5 J, respectively. Total energy transfer was considerably less for the 25° case, at
0.23×10-5 J.
Inspection of vocal fold surface velocity, pressure distribution, and energy flux ( ̇ ) at
particular phases (Figure 2-14 through Figure 2-16) provided further insight into the model
responses. Figure 2-14 includes plots of these data for the 40° and 25° cases at the t/T = 0.2
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opening phase. Note that the behavior of both cases at t/T = 0 and t/T = 0.35 was similar to that at
this phase. Corresponding rigid model profiles and static model pressure distributions are
included for comparison. This phase included an energy transfer rate local maximum for both
cases. Pressure distribution was the same for all of the static cases. For the fully-flexible cases,
pressure distributions differed from the static distributions and were distinct between cases,
contributing to differences in energy flux. At this phase, pressures for the 40° and 25° cases drop
and reach their respective minima at different locations. This corresponds to the difference in
location of the point of minimum glottal width along the medial surface between the models. For
the 40° case most of the energy flux was produced in the glottis before the location of minimum
width, where the surface velocity into the fold was in phase with the positive pressure. At the
location of minimum width, pressure dropped to a negative value while velocity remained into
the fold, resulting in the small negative energy flux just before the zero distance mark. Moving
downstream along the surface, pressure was slightly positive while surface velocity was away
from the fold, causing energy flux to remain negative. On the inferior surface pressure was at
essentially the inlet value, while the cover velocity alternated movement on different portions to
create both positive and negative energy flux. For the 25° case at this phase, the behavior was
similar to the 40° case, but the convergent portion of the glottis was not as large and had a lower
surface velocity. It therefore did not create as much positive energy flux.
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Figure 2-14. Velocity, pressure distribution, and energy flux along the vocal fold model surface at t/T = 0.2
during a steady-state cycle for 40° and 25° inferior angles. The solid dashed lines in the top and middle rows
denote static model position and pressure distribution, respectively.

The phase t/T = 0.6 (Figure 2-15) was the point of maximum glottal opening and a point
of almost no energy transfer for all of the cases. Here the pressure distributions were different
from the static simulations in that there were two pressure local minima for both the 40° and 25°
cases. These were associated with the glottis shape; note the dual elevated regions of the surfaces
at both the entrance and exit for the 40° case, and a slight elevated region at the entrance with a
larger elevated region in the center of the medial surface for the 25° case. Along the surface
energy alternated between negative and positive flux as pressure and velocity went in and out of
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phase with each other. Integrating these alternating fluxes across the entire surface resulted in a
net energy transfer rate that was close to zero.

Figure 2-15. Velocity, pressure distribution, and energy flux along the vocal fold model surface at t/T = 0.59
during a steady-state cycle for 40° and 25° inferior angles. The solid dashed lines in the top and middle rows
denote static model position and pressure distribution, respectively.

Corresponding data at t/T = 0.73, the point of highest energy transfer for all the cases, are
shown in Figure 2-16. The pressure distribution for the 40° case included a highly negative
pressure drop and a recovery pressure that was still significantly less than zero. Notably, this
pressure drop was much lower than the corresponding static pressure drop. This highly negative
pressure coupled with high closing velocities created a positive energy flux that was higher than
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at other phases and occurred over almost the entire vocal fold surface. Considerable positive
energy flux also occurred on much of the inferior surface, further contributing to the energy
transfer rate at this phase. The pressure distribution for the 25° case was also considerably
negative, yet not nearly as great in magnitude as for the 40° case.

Figure 2-16. Velocity, pressure distribution, and energy flux along the vocal fold model surface at t/T = 0.73
during a steady-state cycle for 40° and 25° inferior angles. Note the different scales on the pressure and
energy flux plots for the 40° case. The solid dashed lines in the top and middle rows denote static model
position and pressure distribution, respectively.

As with the 40° case, the higher closing velocity was in phase with negative pressure,
creating a significant amount of positive energy transfer. However, because less of the medial
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surface was involved in the movement for this case than for the higher angles and because
pressures and velocities were not as great in magnitude, the positive energy transfer value was
roughly five times lower than for the other cases.

2.3.6 Flow Separation
Flow separation along the vocal fold surface appeared to occur at all phases for all cases.
Separation locations at different phases were visually estimated using flow visualization
produced by the commercial postprocessing software EnSight (CEI, Inc.) The circular markers in
Figure 2-9 show the estimated separation points. The points were closely grouped at all phases
for the 45°, 40°, and 35° cases. During the first two phases, separation point for the 25° case was
also grouped with the others. It is important to note that while separation points appeared close
to the same location, because the models tended to deflect more superiorly and the point of
minimum glottal width moved gradually upstream with decreasing angle, flow separation
actually moved slightly upstream in relation to the position of the superior surface for each
model as inferior angle decreased. At t/T = 0.35 separation for the 25° case is significantly
upstream of the other cases and then shifts downstream during closing.

An interesting

phenomenon was seen at t/T = 0.6, where two separation points occurred for 45°, 40°, and 35°.
The two elevated surface regions at the glottis entrance and exit caused two distinct pressure
drops (see Figure 2-15), which caused flow separation on the recovery of each drop. While there
were two peaks on the medial surface for 25° at t/T = 0.6, the flow remained attached after the
first peak, and there was only one separation point (which was located downstream of the second
peak).
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For comparison with previously reported data (Li et al, 2006b; Alipour and Scherer,
2004; Decker and Thomson, 2007), separation point location is here related to two measures, one
of which is related to pressure distribution, and the other is related to glottal width. For the
former measure (here denoted p*), the pressure drop at separation (
percentage of the total pressure drop (
⁄

) is expressed as a

), i.e.,
)⁄

(

,

(2-3)

where psep, pmin, and prec denote the pressure at separation, the minimum pressure, and the
downstream recovery pressure, respectively. The recovery pressure was defined as the highest
pressure along the vocal fold surface after separation. p* values for all cases and phases are
given in Table 2-1. Average values of p* over the six phases were 24.9%, 29.0%, 37.3%, and
38.1% for the 45°, 40°, 35°, and 25° cases, respectively. For the 15° case p* was 45.7%. The
same trend of increasing p* with decreasing inferior angle was seen at t/T = 0.6, but the other
phases did not show predictable trends. The high and low values were 61.5% for 35° at t/T =
0.73 and 7.1% for 45° at t/T = 0.6 (upstream separation point).
For the other separation point measure related to glottal width, the area ratio A* =
Asep/Amin is used, where Asep is the glottal area at separation and Amin is the minimum glottal area
(see, for example, Alipour and Scherer, 2004; Decker and Thomson, 2007). A* values for all
inferior angles and phases are listed in Table 2-1. Most A* values ranged from approximately
1.10 to 1.40. Values were considerably higher at t/T = 0 (3.58, 3.73, and 3.48) and t/T = 0.86
(3.51, 2.01, and 1.44) for the three highest angles. Average A* values over all six phases were
1.90, 1.70, 1.58, and 1.25 for the 45°, 40°, 35°, and 25° cases, respectively, with A* = 1.13 for
the 15° case, showing a decreasing trend with decreasing angle.
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Table 2-1. Flow separation point locations in terms of p* and A* for each cases at six phases.

p*
45°
40°
35°
25°
15°

t/T = 0

t/T = 0.2

t/T = 0.35

t/T = 0.6

t/T = 0.73

t/T = 0.85

20.44%
20.98%
20.18%
39.31%
45.74%

37.07%
40.65%
42.41%
34.65%
45.74%

38.67%
32.80%
29.29%
43.49%
45.74%

7.14%, 18.38%
10.50%, 29.51%
31.26%, 34.94%
43.18%
45.74%

39.14%
38.55%
61.45%
31.32%
45.74%

13.71%
29.69%
41.73%
36.48%
45.74%

A*
45°
40°
35°
25°
15°

t/T = 0

t/T = 0.2

t/T = 0.35

t/T = 0.6

t/T = 0.73

t/T = 0.85

3.58
3.73
3.48
1.35
1.13

1.39
1.40
1.36
1.27
1.13

1.16
1.20
1.24
1.17
1.13

1.21, 1.31
1.20, 1.27
1.15, 1.24
1.14
1.13

1.17
1.08
1.13
1.17
1.13

3.51
2.01
1.44
1.41
1.13

2.3.7 Comparison to Human Vocal Folds and Previous Models
In an effort to validate the behavior of the model used in this study, comparisons were
made to vibratory behavior of human vocal folds as well as previous numerical and synthetic
self-oscillating models. Data from the model with a 40° inferior surface angle was used for
comparison, since this geometry has been commonly used in other studies. The vibratory factors
that were considered for comparison included glottal width, flow rate, frequency, pressure and
qualitative motion.
Table 2-2 shows vibratory factors for the model used in this study (termed “present
model”) compared to data measured from the human vocal folds. In general, the present model
exhibited features that compare well with actual human vocal fold vibration. Inlet pressure used
here was in the range of typical subglottal pressures for softer phonation (e.g., Hsiao et al., 2001;
Jiang and Titze, 1993). A maximum glottal width of 0.95 mm was very similar to in-vivo
33

measurements of about 1 mm (Schuberth et al., 2002) and on the same order of magnitude as
measurements of up to 4 mm from excised larynges (Doellinger and Berry, 2006; Boessnecker et
al., 2007). The average flow rate of 178 ml/s fit within the range from 100 to 400 ml/s for
average flow rate in human phonation (Jiang and Titze, 1993; Doellinger and Berry, 2006;
Boessnecker et al., 2007). Vibration frequency was in the higher range of the human voice (e.g.,
Schuberth et al., 2002). The alternating convergent-divergent glottal profile observed in the
present model is a characteristic feature of vocal fold vibration and has been shown to be an
important factor in sustained self-oscillation of the vocal folds (e.g,. Hirano, 1981; Titze, 1988).
Also, the inferior-superior propagating wave-like motion in the present model resembles the
mucosal wave present along the medial surface of human vocal folds during phonation (e.g.,
Boessnecker et al., 2007).

Table 2-2. Data comparing the vibratory behavior of the model used in this study (present model) with
human vocal fold vibration.
Glottal Width (mm)

Flow Rate (ml/s)

Frequency (Hz)

Pressure (kPa)

Motion

Human
Vocal Folds

1-4

100 - 400

120 - 240

0.4 - 3

Alternating
convergent-divergent
glottal profile;
mucosal wave

Present
Model (40°)

0.95

178

229

0.6

Alternating
convergent-divergent
glottal profile; wavelike motion

Table 2-3 gives data for vibratory factors of several self-oscillating computational and
synthetic models used in previous studies. A description of each model with the number of
material layers, the type of geometry employed, and the numerical solver or synthetic material, is
provided. Models with “M5 geometry” had geometry similar to that of the present model. The
results of the present model agree reasonably well with and offer some improvements over
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Table 2-3. Data of vibratory factors from previous self-oscillating models for comparison to vibratory behavior of present model.
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previous computational and synthetic model behavior. Glottal width and flow rate of the present
model fit in lower end of the range of glottal width and flow rate values for previous models. The
fact that many of the previous models yielded higher values for these factors was possibly due to
generally higher operating pressures for the previous models. Frequencies for the present model
were typically considerably higher than for previous models, most likely because of its nonlinear
stress-strain properties (discussed in section 2.4). The mucosal wave-like motion and welldefined convergent and divergent glottal profiles of the present model were an improvement over
the behavior of several previously used models and were similar to the motion of some more
recent synthetic models.

2.4

Discussion
Results showed that changing the inferior angle significantly influenced model behavior.

The behavior of the models tended to become less characteristic of actual vocal fold vibration as
the inferior angle decreased. While the changes were less noticeable from 45° to 35°, the 25°
case showed that decreasing the inferior angle increased vertical displacement. With a smaller
inferior angle, the overall mass and effective stiffness of the model was lessened. Given that each
case was subjected to the same boundary conditions, it was natural that the models with less
mass and stiffness would be deflected more in response to the flow. The increased deflection
changed the overall glottal profile to a more divergent shape and also increased the pre-steadystate glottal width, factors which are known to adversely affect vibration (Lucero, 1998).
Decreases in glottal width and flow rate amplitudes were associated with the changes in vibration
as inferior angle decreased.

36

Changing the inferior surface angle clearly altered the structural response of the models
by changing both mass and stiffness. The purpose of the partially rigid model simulations was to
remove these effects and explore how vibration was affected solely due to any changes in
aerodynamics that were introduced by changing the inferior angle. As was shown, there were
essentially no differences in vibration among the cases for these models. This indicates that the
inferior angle itself did not introduce any significant aerodynamic changes in the flow that
altered vibration. This is consistent with the findings of Li et al. (2006a) that pressure
distributions were not affected with changing inferior angle, but the present study extends this
conclusion to the self-oscillating case. It can therefore be concluded that the observed changes in
vibration seen in the fully-flexible models were primarily due to changes in structural, not
aerodynamic, responses.
In order for self-sustained vocal fold oscillations to occur, a positive net airflow-to-tissue
energy transfer is required to overcome energy dissipation within vocal fold tissue (Titze, 1988;
Thomson et al., 2005). The present results showed a positive net energy transfer to the vocal
folds for all self-oscillating cases. Generally, the energy transfer decreased with decreasing
inferior surface angle.
Separation point measurements found here support the findings of previous studies. p*
values showed that separation points occurred upstream of total pressure recovery. This
observation is consistent with general fluid dynamic theory as well as other voice production
studies (Shinwari et al., 2003; Li et al., 2006b; Hofmans, 1998). For example, Li et al. (2006b)
reported values of p* = 6.5%, 13.0%, 41.9%, and 34.4% for static divergent models with
intraglottal divergence angles of 5°, 10°, 20°, and 40°, respectively; these values are similar to
the p* values from the present self-oscillating models. A* values presented here are similar to
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values in the range of 1.00 to 1.73 reported by Decker and Thomson (2007), as well as values in
the range of about 1.1 to 1.9 with an average of 1.47 predicted by Alipour and Scherer (2004).
The much higher A* values seen in the present models typically occurred when the glottis is at
its maximum closure, where the glottal width (Amin) is very small, so the area ratio will naturally
be larger than at other times.
Separation point also plays a role in energy transfer to the vocal folds by affecting
pressure distributions. The detachment of the flow signifies that the pressure from that point on is
close to the recovery pressure, which is smaller in magnitude (if not zero) and therefore results in
little to no energy transfer. Thus, if separation occurs more upstream than down, average
pressures are generally lower and energy transfer is generally less. The general trend in these
models is that the separation point moved upstream on the medial surface with decreasing angle,
especially during glottal opening. This is consistent with the lower average intraglottal pressures
during opening and less energy transfer for smaller angles.
The calibration of material parameters showed that the model response was sensitive to
material properties. In addition, geometry was shown to affect model response as the inferior
surface angle was changed. The sensitivity of the model to both of these factors suggests that the
utilization of different material properties or profile geometry than that used in this study may
produce different results than those shown here. Because self-oscillation is a nonlinear process it
is unpredictable how and to what extent vibratory response would differ. In theory, the better a
model matches the shape and tissue behavior of the human vocal folds the more accurate the
response would be. It should also be noted that this model did not include turbulence, which
could be increased or decreased by changes in geometry. This would affect flow aerodynamics
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which may contribute to variation in the model response. Consideration of these issues should be
included in future studies.

2.5

Conclusions
A two-dimensional, self-oscillating, finite element model of the vocal folds was used to

study the effect of changing inferior vocal fold surface geometry on vocal fold vibration. Fullycoupled fluid-structure interaction simulations with varying geometry were performed.
Simulations using a partially rigid model were carried out in order to isolate and study the effects
of changing subglottal aerodynamic loading on the model. Results of the fully-flexible model
simulations showed that vocal fold vibration was significantly altered as the inferior angle of the
model was varied. Specifically, reducing the angle resulted in greater vertical displacement of
the vocal fold and a smaller convergent-divergent spatial portion of the glottis. Associated with
changes in vibration were decreases in glottal width and flow rate amplitudes and net airflow-totissue energy transfer as the inferior surface angle was reduced. The partially rigid model
responses yielded evidence that changes in vibration of the fully-flexible models occurred
primarily because of changes in structural, rather than aerodynamic, model responses.

39

40

3

INFLUENCE OF SUBGLOTTIC STENOSIS ON COMPUTATIONAL VOCAL
FOLD MODEL FLOW-INDUCED VIBRATION

3.1

Introduction
While considerable work has been done to understand the glottis and supraglottis,

understanding the role of the subglottal airway in phonation is a subject which is still under
investigation. Of the relatively limited number of studies related to the subglottis, several have
pointed to the geometry of the subglottis having an important effect on vibration of the vocal
folds.
One of the areas most researched in relation to subglottal geometry has been the influence
on phonation of subglottal acoustic resonance, which is largely governed by tracheal tube length.
Austin and Titze (1997) first showed that involuntary register changes in the voice are related to
tracheal resonance. Zhang et al. (2006a) also found evidence that register changes of synthetic
models, along with other nonlinear phenomena in phonation such as frequency jumps and
various classes of phonation onset and offset, can be produced solely on the basis of laryngeal
interactions with the acoustical resonances of the subglottal system. The idea of acoustically
driven phonation was given by these same authors (Zhang et al., 2006b), where synthetic vocal
fold model vibration is coupled with the acoustic resonance of the subglottal tract and motion is
described with a different eigenmode than aerodynamically driven vibration.
Other studies related to subglottal geometry have explored how subglottal shape
influences vocal fold motion and other factors related to phonation. It was proposed by Li et al.
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(2006a) that inferior vocal fold surface angle has little effect on intraglottal pressure
distributions, which significantly influence vocal fold motion. As part of this thesis, a follow-up
study was performed which showed that inferior vocal fold surface angle does directly affect
vocal fold motion (see previous chapter). Specifically, changing the angle affects vertical
displacement of the vocal fold and the convergent-divergent spatial portion of the glottis,
resulting in changes in intraglottal pressures and net energy transfer. Grisel et al. (2010) recently
found that changes in the subglottal shape after medialization thyroplasty surgery can
significantly increase turbulence through the glottis, which can produce an abnormal voice,
breathiness, and chaotic vocal fold vibrations. The turbulence can be reduced with medialization
of the subglottis. While this prior research has provided insight into the influence of subglottal
geometry in phonation, much more understanding is needed.
Subglottic stenosis (SGS) is a condition which alters subglottic geometry and can be
associated with changes in voice quality. SGS is a narrowing of the airway in the subglottal
larynx or upper trachea. In the majority of patients it is due to prolonged intubation and/or
tracheotomy causing damage to the airway lumen. It can also occur congenitally, as a result of
external trauma, from disease, or idiopathically (Giudice et al., 2003; George et al., 2005;
Herrington et al., 2006). Symptoms regularly include respiratory problems such as dyspnea,
stridor, and croup (Poetker et al., 2006; Bailey et al., 2003; Lesperance and Zalzal, 1998), but the
voice is also sometimes affected and presents as hoarseness and/or dysphonia (Poetker et al.,
2006; Giudice et al., 2003). Symptoms generally worsen as the severity of the stenosis increases.
When diagnosed, SGS is typically measured by percent occlusion (blockage) of the
airway and classified by the Myer-Cotton grading scale (Grade I – 0-50%; Grade II – 51-70%;
Grade III – 71-99%; Grade IV – 100% occlusion) (Myer et al., 1994). Lower grades (Grade I or
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mild Grade II) may require little to no treatment, but more severe cases require more prompt and
extensive treatment. Initial treatment for such cases often involves tracheostomy (placement of a
tracheal tube) in order to ease respiration, but when the airway is severely compromised surgery
is required. While simple operations can be performed for Grades II and III, Grades III and IV
call for open reconstructive surgeries, tracheal resection and partial cricotracheal resection being
the most effective (Bailey et al., 2003; Herrington et al., 2006). These types of surgeries have
been shown to further affect voice quality (Smith et al., 1993; Smith et al., 2008).
Understandably, research related to SGS has focused primarily on treatments that will
effectively obtain the goals of restoring airway patency and decannulation (tube removal). A
subject less studied in relation to SGS, however, has been the management of laryngeal function,
particularly the voice. A number of studies have considered voice quality due to SGS before
surgery (Zalzal, 1988; Cotton, 1991; Zalzal et al., 1993), but the purpose of the assessments was
for simple comparison with postoperative voice quality, and, therefore, no detailed qualitative or
quantitative data about voice quality in the patients were reported. Ettema et al. (2006) sought to
quantify voice quality in SGS patients through a perceptual voice analysis. According to their
assessment, roughly 50% of their SGS patients had moderately to extremely affected voice
quality. However, the majority of these patients had other negative risk factors besides SGS that
would contribute to poor voice quality, including multiple stenoses, vocal fold impairment, and
previous airway surgery. Thus, it is unknown whether effects on the voice were due to the
subglottic stenosis or other factors. Furthermore, some patients with higher grade stenoses
retained normal voice quality, showing that SGS affects some voices and not others. Because of
the uncertainty about the connection of SGS to voice quality, it is of interest to further study the
subject.
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While a few studies have modeled subglottic stenosis, none have explored the effect of
SGS on vocal fold vibration. Three studies (Cebral and Summers, 2004; Brouns et al., 2007;
Mihaescu et al., 2008) have modeled the airway with SGS, defining three-dimensional geometry
from human image data sets and performing computational simulations of respiratory airflow.
Brouns et al. (2007) parametrically varied the severity of the stenosis. However, these studies
focused solely on the effects of SGS on respiration and did not include vocal fold vibration.
This study investigates how varying subglottal geometry due to SGS affects vocal fold
vibration. Vocal fold vibration is simulated using a two-dimensional finite element fluidstructure interaction model. Parametric changes to subglottal geometry are made by varying the
severity of an idealized subglottic stenosis. Such a model makes it possible to identify effects of
the stenosis itself, absent other contributing factors.

3.2

Methods

3.2.1 Stenosis Definition
The subglottic stenosis used in this study was approximated from computed tomography
(CT) data and defined mathematically (Figure 3-1). A CT scan of a patient with subglottic
stenosis was obtained from the University of Utah School of Medicine. The scan images had a
pixel size of 0.45×0.45 mm in the transverse plane with 2 mm spacing between images. Twelve
images, starting approximately at the inferior edge of the vocal folds and extending inferiorly
through the stenosis to where the trachea returned to an approximately constant cross-section,
were used to define the stenosis. The images were imported into MATLAB where code was
executed to approximate each luminal cross section with an ellipse. The major and minor radii of
each ellipse were determined, from which the elliptical area (Ae) of each cross section was
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Figure 3-1. Schematic of stenosis definition process. Using CT scan images of a patient with SGS, the luminal
cross-section was approximated with an ellipse, the elliptical area was calculated, and a rational polynomial
curve was fit to the area data points to mathematically define the stenosis.

calculated. A rational polynomial curve was fit to the area data points in order to create a
mathematical definition of the stenotic airway area as a function of distance along the airway.
The rational polynomial approximation was
(3-1)
where z here refers to the inferior-superior height of the airway and ranges from 0 (inferior) to 22
(superior) mm for the profile. Ae is expressed in mm2.
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Because the stenosis was incorporated into a two-dimensional computational model, the
elliptical area profile was converted to an equivalent profile for a rectangular airway using a
characteristic depth d and a stenosis profile height h. Figure 3-2 gives a schematic of the
conversion with dimension definitions. First, the depth d of the rectangular airway was solved
for. This process was performed as follows: (1) Set elliptical area and rectangular area equal at
superior end of airways; (2) Let height and minor radius be equal (b0 = h0); (3) Solve for d.
(1)

 (2)

 (3)

Substituting in the major radius value from the superior-most CT scan data point (
gives

(3-2)
8.826)

13.86 mm. This became the characteristic depth that was held constant and used for

calculating the stenosis profile height (h). The profile height was found by setting the elliptical
area approximation and rectangular area equations equal to each other and solving for h, as
follows:


(3-3)

where Ae is the rational polynomial area curve (Equation 3-1) and d is the characteristic depth
found above. The resulting stenosis profile found by h was similar in size and general shape to
the stenotic portion of the airway segmented from the CT scan (Figure 3-3). The stenosis profile
adapted for the two-dimensional airway was more narrow because it only reduced area in one
dimension rather than two as in the elliptical airway.
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Figure 3-2. Schematic of conversion from elliptical airway area approximation to stenosis profile for a
rectangular airway with stenosis profile height h and characteristic depth d.

The stenosis profile was further scaled so that the height at the superior end of the profile
matched the height of previously used two-dimensional computational models just below the
vocal folds (8.45 mm). The scaling factor was found to be K = 1.5404. Data points for profile
height were found by Equation 3-3 at 0.5 mm increments of airway length (z), and the resulting h
values at these points were multiplied by K to scale them. The corresponding z values were then
also scaled by K, giving data points that were used to define the stenosis profile in a twodimensional computational model.
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Figure 3-3. Stenosis profile adapted for two-dimensional airway (plot) compared to three-dimensional
segmentation of actual stenosis from CT images (blue model).

3.2.2 Parameterization
The stenosis profile was parameterized and varied to create several severities of stenosis.
Figure 3-4 gives details of the parameterization. Before parameterization, the coordinates of the
stenosis profile data points were converted to the coordinate system that was to be used in the
computational model, where h = 0 was defined at the superior-most point of the profile. Thus, h
is defined in this new coordinate system in the figure. The stenosis height at the peak of the
stenosis (hpk) was determined by percent occlusion, or the percentage of the airway crosssectional area that was obstructed by the stenosis. All other points along the profile were
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parameterized by a ratio of the height at that point in the original (unparameterized) profile (h0)
to the original peak height (hpk,0), multiplied by the parameterized peak stenosis height (hpk),
given by
.

(3-4)

Downstream of the stenosis peak, the parameterized heights were referenced to the superior-most
point of the stenosis (h = 0 mm), whereas upstream they were referenced to the inferior-most
point (h = -2.06 mm). This allowed the parameterization to function properly upstream of the
peak with both positive and negative height coordinates.

Figure 3-4. Parameterization of stenosis profile based on ratio of height at each point to peak height from
original profile.
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Six severities of stenosis were used for this study. A 0% case corresponded to no stenosis
or a “normal” airway. 30%, 60%, and 90% cases corresponded to stenosis grades I, II, and III,
respectively, according to the Myer-Cotton grading scale (Myer et al., 1994). Two additional
grade III stenosis cases, 95% and 99%, were created in anticipation of more sensitive changes in
this region of high stenosis severity.

3.2.3 Computational Modeling and Simulation
In order to model phonation with SGS, the stenosis profile was incorporated into a
computational model simulating two-dimensional air flow through the vocal tract. The
computational model was the same ADINA fluid structure interaction model that was developed
for the inferior angle study presented in the previous chapter (Section 2.2). There is found a
detailed description of the geometry, material properties, and numerical methods used for the
model (Figure 2-2). This model had an inferior surface angle of 40°. The only variation to this
model was that the fluid domain included a longer upstream tract (inlet was 35.7 mm upstream
of inferior-most vocal fold point) with a stenotic region in order to simulate an airway with SGS.
The parameterized stenosis profile was incorporated into the wall of the fluid domain directly
upstream of the vocal fold, connecting to the inferior-most point on the inferior surface of the
vocal fold profile. Number of nodes remained constant in all the cases at around 45,000, but
meshing was biased in the stenotic region (finer mesh for higher severity) in order to maintain
reasonable aspect ratios in the narrowest region and resolve flow features across the stenosis.
Six models bearing the above mentioned degrees of stenosis (0%, 30%, 60%, 90%, 95%,
and 99%) were created (Figure 3-5). The vibratory response of the solid model to fluid flow was
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simulated in ADINA for 6000 time steps with a time step size of 2.5×10-5 s, at inlet pressures of
300, 600, and 900 Pa for each case of stenosis.

0%

90%

30%

95%

60%

99%

Figure 3-5. Fluid domains of FSI model for each severity of stenosis.

3.2.4 Verification
As with the inferior angle study, simulations were performed on the SGS model to ensure
that the results were reasonably independent of grid density, time step size, and convergence
criteria. These were performed using the normal (0%) case with a 600 Pa inlet pressure. The
study was performed in the same manner as described for the inferior angle study (see previous
chapter). Results were again compared by analyzing minimum glottal width waveforms. Figure
3-6 includes results of the grid-independence study; in this case, the waveforms from the model
grid simulations and the grid-doubled simulations were deemed to be satisfactorily close. Results
of the time step size and convergence criteria independence studies (Figure 3-6) yielded
considerably less change.
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Figure 3-6. Results of the grid-independence study.
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3.3

Results

3.3.1 Overview of Model Responses
Figure 3-8 shows model motion for the normal, 60%, 95%, and 99% cases at 600 Pa.
Eight phases at even intervals of the oscillatory cycle are shown. Phase times are normalized by
the oscillation period T. Motion profiles for the normal case (Figure 3-8, first column) showed
that the glottis was “closed” or at its maximum closure at t/T = 0 and 0.125. Here the point of
contact was moving superiorly in a wavelike fashion, and the glottis began to shift to a
convergent shape. The next three phases captured glottal opening with a convergent glottal
profile. At t/T = 0.625 the glottis was at its maximum opening, and the last two phases were
during glottal closing where the glottal profile alternated to a divergent profile. As the motion is
followed throughout the cycle wavelike motion resembling a mucosal wave is apparent across
the medial surface.
Motion was essentially identical for the 0%, 30%, 60%, and 90% cases at 600 Pa. The
60% case is shown for comparison in Figure 3-8 (second column). The 95% case (Figure 3-8,
third column) exhibited slightly different motion in that it appeared that glottal opening occurred
more quickly so that the glottis reached its maximum opening sooner (somewhere around t/T =
0.5). At t/T = 0.625 the glottis was somewhat divergent, indicating that it was in the closing
phase by this point. At t/T = 0.75 the glottis displayed a noticeably flatter divergent profile.
Vertical deformation of the model for the 95% case appeared somewhat less than the normal
case, as indicated by the space between the furthest right part of the profile and the plot border.
All of these changes, however, were very subtle. The 99% case (Figure 3-8, last column), on the
other hand, yielded significantly different motion than any of the other cases. The glottis actually
appeared to stay closed longer (until t/T = 0.25), but then it clearly reached its point of maximum
53

opening sooner at t/T = 0.5. It then closed with a more rounded divergent profile than the other
cases. Both the amplitude of the glottal opening and the vertical deformation of the model were
visibly less for the 99% case.

Figure 3-8. Profiles showing model motion for the normal (0%), 60%, 95%, and 99% stenosis cases at 600 Pa
inlet pressure. Images are zoomed to show just the medial portion of the model.
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Model oscillation frequency, averaged over ten steady-state cycles, is shown for all cases
in Figure 3-9. For the lesser severities of stenosis, the frequency remained fairly constant at
about 201, 229, and 246 Hz with inlet pressures of 300, 600, and 900 Pa, respectively. Frequency
was not at all affected until the stenosis severity reached at least 90%. Between 90% and 95%
still no appreciable change occurred, as the frequency only dropped at most about 10 Hz for any
of the inlet pressures. Frequency decreased more considerably between 95% and 99% stenosis
with large drops of around 20 Hz and 45 Hz at 600 and 900 Pa, respectively.

Vibration Frequency (Hz)

280
260
240
300 Pa

220

600 Pa
200

900 Pa

180
160
0%

20%

40%
60%
Stenosis Severity

80%

100%

Figure 3-9. Model oscillation frequency for all stenosis cases at three inlet pressures.

3.3.2 Glottal Width
Glottal width was measured by calculating twice the minimum distance between the
medial surface and the symmetry line. Figure 3-10 plots glottal width over a steady-state cycle
for all cases and inlet pressures. At an inlet pressure of 300 Pa, glottal width waveforms for the
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Figure 3-10. Glottal width waveforms over a normalized steady-state cycle for all stenosis cases at 300, 600,
and 900 Pa inlet pressures.

0% to 95% cases were essentially the same as the normal case throughout the entire
cycle. Peak values were about 0.67 mm. The 99% case, however, showed a peak that was close
to 20% lower in magnitude and that occurred considerable sooner in the cycle. At 600 Pa, the
99% case again had a significantly lower peak glottal width (about 27% less) than the normal
case, which peaked at about 0.95 mm. The peak glottal width, the point at which the model was
at its maximum glottal opening, was at about t/T = 0.5, rather than t/T = 0.625 like the rest of the
cases. The 95% case at 600 Pa also differed somewhat from the lesser severities with a 6% drop
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in the peak and a shift in the location of peak glottal width. These results for both the 95% and
99% cases agree with the model behavior seen from the motion profiles. For an inlet pressure of
900 Pa, again only the 95% and 99% cases were affected. As with the results at 600 Pa, the
differences between these and the normal case consisted of smaller peak glottal width values and
shifts in where the peak occurred. The trend was increasing change with increasing stenosis
severity. Here the peaks for the 95% and 99% cases dropped 13% and 26%, respectively, from
the 1.14 mm maximum glottal width of the other cases. Minimum values for glottal width at 900
Pa showed that the 95% case did not close as much, while the 99% case was closed for a longer
portion of the cycle than the cases of lesser severity.

3.3.3 Flow Rate
Flow rate was measured by taking twice the integral of velocity across the glottal jet and
multiplying by 2.135 cm, corresponding to the scaled characteristic depth (K·d, ref. section
3.2.1). Flow rate waveforms, corresponding to the same cycles as the glottal width plots, are
shown in Figure 3-11. For the most part the flow rate behavior followed closely the patterns of
the glottal width waveforms. As with glottal width, significant decreases in peak flow rates
occurred for the 99% case at 300 Pa, and for the 95% and 99% cases at 600 and 900 Pa. The
decreases in peak flow rates were substantially greater for flow rate waveforms than for glottal
width. Flow rate was more sensitive to the stenosis, as evidenced by slight decreases in the peak
flow rate which occurred for the 95% case at 300 Pa and 90% case at 600 and 900 Pa. Also seen
in the glottal width waveforms, the flow rate peaks for the differing cases occurred earlier in the
cycle than for the normal case and lower severities of stenosis. One observation of interest not
seen with glottal width is that the flow rate waveforms for the 99% cases take on a very different
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shape than the waveforms for the other cases. Additionally, the 95% case at 900 Pa showed high
minimum flow rates compared to the other cases, which were all grouped around the same
minimum values.
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Figure 3-11. Glottal flow rate waveforms over a normalized steady-state cycle for all stenosis cases at 300,
600, and 900 Pa inlet pressures.

Maximum flow declination rate (MFDR), defined as the slope of the flow rate waveform
at its steepest descent, was noticeably different for the cases which deviated from the normal
case (Figure 3-11). Figure 3-12 quantifies how MFDR changed with stenosis severity. MFDR
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was fairly steady up until 90% stenosis, where it began to decrease. The decrease in MFDR
became greater with increasing stenosis severity at each inlet pressure, and the amount of change
between severities also increased as pressure increased. At both 600 and 900 Pa inlet pressure the
decreases in MFDR are substantial as they drop an order of magnitude by the 95% case.
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Figure 3-12. Maximum flow declination rate for each stenosis case at three inlet pressures.

3.3.4 Flow Resistance
Airway resistance was considered as a means to compare the effects of the stenosis with
the effects of the glottis on the flow. Airflow resistance is calculated as a ratio of the driving
pressure to the flow rate (

). The driving pressure in this case was taken as the pressure

difference across a section of airway (the stenotic region or the glottis), and the flow rate used for
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both sections was that measured directly in the glottis. Resistance here was also normalized by
dividing the pressure difference by the inlet pressure, and the instantaneous flow rate by the
average flow rate, as follows:
⁄
⁄̅

.

(3-5)

Average normalized resistance R* for all cases is given in Figure 3-13. Resistance across the
stenosis showed a steady increase with increasing stenosis severity, gaining two orders of
magnitude by 90% stenosis. Resistance across the glottis, on the other hand, showed essentially
the same resistance until 90% or greater stenosis severities, where it decreased as stenosis
severity increased. At 90% and 95% resistance values across the stenosis and glottis are more or
less on the same order of magnitude, and at 99% the two resistances are very close in magnitude.

Normalized Resistance, R*
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Figure 3-13. Average normalized resistance R* across the glottis and across the stenosis for all stenosis cases
at three inlet pressures. Note the logarithmic y scale.
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3.3.5 Subglottal Flow Visualization
Subglottal flow was visualized in order to characterize the effects of the stenosis on the
flow. Figures 3-10 through 3-12 show important flow features for a few different cases. Note the
different velocity scale on each figure. The normal (0%) case (Figure 3-14) exhibited smooth,
laminar flow through most of the oscillatory cycle with a thin recirculating layer along the outer
wall of the airway as the flow was obstructed by the closing of the glottis. The visualizations
revealed that flow in the subglottis became more disturbed as the severity of the stenosis
increased. At 60% stenosis (Figure 3-15) the differences were that the recirculating layer during
glottal closing was significantly thicker, taking up most of the airway when the glottis was

Figure 3-14. Visualization of subglottal flow velocity magnitude (color) and direction (arrows) for the normal
(0% stenosis) case at 600 Pa. Upper image shows flow at t/T ≈ 0 (closed glottis). Lower image shows flow at t/T
≈ 0.6 (around maximum glottal opening).
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Figure 3-15. Visualization of subglottal flow velocity magnitude (color) and direction (arrows) for the 60%
stenosis case at 600 Pa. Upper image shows flow at t/T = 0 (closed glottis). Center image shows flow at t/T =
0.625 (maximum glottal opening). Lower image shows flow at t/T ≈ 0.82 (during glottal closing).

closed, and the velocities in the subglottis, particularly through the stenotic region, increased to
around 5 m/s. Another important flow feature was a vortex that appeared just past the stenosis
peak during glottal closing. It remained fairly stationary without traveling downstream and
eventually dissipated as the glottis reopened. In the 95% case (Figure 3-16) even more
significant change in the flow was seen. Velocities increased to values in the range of 20 m/s,
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recirculation existed during the entire cycle, and a stronger vortex in the flow was created as the
flow separated off the stenosis peak. The vortex in this case appeared during the opening phase
and traveled downstream, dissipating somewhat but still remaining present throughout the cycle.
These flow features were also present and similar in the 90% and 99% cases.

Figure 3-16. Visualization of subglottal flow velocity magnitude (color) and direction (arrows) for the 95%
stenosis case at 600 Pa. Upper image shows flow at t/T = 0 (closed glottis). Center image shows flow at t/T =
0.375 (during glottal opening). Lower image shows flow at t/T ≈ 0.75 (during glottal closing).
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3.4

Discussion
As was discussed in the previous chapter the results of this FSI model again generally

displayed motion that was similar to actual vocal fold vibratory motion, including convergentdivergent glottal profiles and mucosal wave-like movement of the medial surface. Quantifiable
values such as glottal width, flow rate, and frequency were in the range of those measured during
human phonation.
The purpose of this study was to explore how the presence of subglottic stenosis affected
vocal fold vibration. The results showed that, with stenosis severities of about 90% and above,
vibration of the vocal fold model was indeed altered. In particular, glottal width, flow rate,
frequency, and vertical deformation of the model tended to decrease with increasing stenosis
severity. Flow resistance across the glottis also decreased with stenosis above 90%, becoming
very comparable in magnitude to the trans-stenosis resistance. These changes were more
sensitive at higher inlet pressures (i.e., change was introduced at a lesser severity of stenosis as
inlet pressure increased).
The main contributor to these changes may be a pressure drop across the stenosis. The
constricted flow path created by the stenosis will cause a decrease in fluid pressure according to
Bernoulli’s principle. The fact that pressure drops across the stenosis is also evidenced by the
flow resistance results. The steady increase in flow resistance across the stenosis is due to an
increasing pressure difference across the stenosis as the degree of stenosis severity increases. As
pressure decreases across the stenosis, it also decreases the pressure difference across the glottis.
At higher severities of stenosis, the decrease in pressure difference across the glottis is
significant enough in relation to flow rate that it causes glottal resistance to decrease
substantially. A decrease in the pressure gradient across the glottis will also decrease the driving
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force of the vocal folds, thus contributing to the smaller glottal width and lesser vertical
deformation of the vocal fold model.
The decrease in frequency is likely connected with the lower amplitude motion. Because
the model had non-linear stress-strain properties, it became stiffer the more it was deformed.
With decreased deformation the effective stiffness of the model was less, resulting in a lower
natural frequency. Thus, it vibrated at a lower frequency. This idea also explains why the
frequency of the normal models increased with increasing inlet pressure which caused greater
model deformation.
The changes in model vibration suggest that the voice can be affected by the presence of
subglottic stenosis. Certain factors are a good measure of how the voice may change. First,
vibration frequency is a key characteristic of the sound of the voice. With stenosis severities of
about 95% and above, changes in frequency were substantial enough to be recognized as a
change in pitch of the voice. In addition, MFDR is related to vocal acoustic power (Titze and
Sundberg, 1992; Titze, 2000) and intensity (Titze, 2000; Titze, 2006). The considerable decrease
in MFDR for high stenosis severities would possibly result in a lowered intensity of the voice or
difficulty in speaking loudly. Interestingly, this has also been the result in patients who have
undergone resection surgery for SGS (Grillo et al., 2003), but it is uncertain if there is any
connection.
While distinct changes in vocal fold vibration did occur, it is significant that essentially
no changes were seen until at least 90% of the airway was occluded. This means that only
patients with the most severe cases of SGS would experience an affected voice. This may
support the idea Ettema et al. (2006) put forth that other negative factors associated with SGS,
such as multiple stenoses, vocal fold motion impairment, and previous airway surgery play a
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more significant role in affecting the voice in SGS patients than the stenosis itself. Conversely, it
may also be the case that the low sensitivity is due to factors specific to this model. For example,
model geometry and material properties greatly affect vibratory behavior. Therefore, if these
factors were changed, specifically to better match the geometry and material properties of the
human vocal folds, different results may be observed. In addition, varying the position and
properties of the stenosis may result in more or less model sensitivity. A stenosis closer, or even
connected to, the vocal folds may affect their vibratory behavior much more than the one used
here. Using a material model for the stenosis, rather than a rigid profile, or varying geometry
(e.g., three-dimensional or asymmetrical) could also yield different results. Because of the
uncertainty which remains this is a subject which needs further exploration, including studies
using human subjects, excised larynges, and experimental models in order to be better
understood.
Disturbances in subglottal flow were apparent with 60% stenosis and increased with
increasing stenosis severity. The disturbed flow features included recirculation, vortex shedding,
and increased velocities. This is consistent with the findings of previous research that studied the
effect of SGS on respiration, which showed decreased pressure, turbulent flow, and increased
shear stress in the stenotic region (Cebral and Summers, 2004; Brouns et al., 2007; Mihaescu et
al., 2008). The presence of vortices and other turbulence in glottal flow can contribute to
hoarseness or breathiness in the voice. However, these disturbances in the subglottal flow did not
seem to have any connection to changes in model vibration.
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3.5

Conclusions
A two-dimensional, fluid-structure interaction model was used to simulate the flow-

induced vibration of the vocal folds with varying degrees of subglottic stenosis. The results
showed that the presence of stenosis of up to 60% did not alter vocal fold vibration, while a
stenosis of 90% or greater influenced several factors related to vocal fold vibration. Vertical
model displacement, glottal width amplitude, and flow rate amplitude decreased with increasing
stenosis severity above 90%. The model sensitivity to subglottic stenosis increased with
increasing pressure, and changes in vibration correlated with changes in glottal flow resistance.
Subglottic stenosis caused a substantial pressure drop in the subglottis, which may be a large
contributing factor to other parameters, such as resistance and glottal width, being affected.
Stenosis caused significant disturbances in subglottal flow with as low as 60% stenosis, which
increased with increasing stenosis severity. The disturbed flow did not appear to affect vibration.
High severities of stenosis led to significant decreases in frequency and maximum flow
declination rate, suggesting that subglottic stenosis may cause changes in sound and power of the
voice.
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4

4.1

INFLUENCE OF SUBGLOTTIC STENOSIS ON SYNTHETIC VOCAL FOLD
MODEL FLOW-INDUCED VIBRATION

Introduction
In the introduction to Chapter 3, previous work regarding the subglottis is reviewed and

the relevance of studying the effect of subglottic stenosis on vocal fold vibration is discussed
(see 3.1). While a few studies focused on computational models of SGS have been performed, no
work has been performed to study SGS using an experimental setup.
In this study the effect of SGS on vocal fold vibration in a synthetic model was explored.
The SGS was incorporated into the subglottal duct of an experimental airway setup and varied
parametrically to determine how it influenced the vibration of silicone vocal fold models. The
work presented in this chapter is a preliminary experimental complement to the computational
SGS study in the previous chapter.

4.2

Methods

4.2.1 Stenosis Definition and Parameterization
The stenosis used for this study was defined using the same approximated profile as
described in the previous chapter. Detailed methods for defining and parameterizing the profile
are given there (3.2.1). In this study acrylic inserts with SGS profiles were fabricated and used to
simulate stenosis in an experimental air flow duct, described in the next section.
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4.2.2 Subglottal Duct
A subglottal duct (Figure 4-1) was custom designed for this study to be able to simulate
varying severities of stenosis. A 15.24 cm tall rectangular duct was made with a clear acrylic
front panel, clear acrylic sides, and an ABS plastic back panel. The front panel allowed for a
coronal cross-sectional view of the airway. The airway at the bottom of the duct was 21.21 mm
wide by 21.35 mm deep. This depth corresponds to the same scaled characteristic depth used in
the computational stenosis work. The acrylic sides were approximately 10.5 cm tall.
Subglottic stenosis was created with acrylic inserts (see also Figure 4-1) which were
CNC milled to create the stenosis profile shape for three cases of stenosis. The three cases
created and studied here were 0%, 60%, and 95%. These created a stenotic profile in the coronal
plane that had a uniform anterior-posterior cross section. No stenosis was present in the sagittal
plane.
The stenosis inserts were incorporated into the subglottal duct above the side panels. The
inserts and side panels of the subglottal duct fit together with paired notches, which aligned the
stenosis profile with the rest of the duct. The inserts were held in place by housing the duct and
inserts with clear acrylic plates on the top and bottom, connected by four columns on the corners
of the plates. The top plate fit around the top of the inserts and was grooved to mate with the
ridge on the top of the inserts and hold them at the proper distance apart. The top plate also had
holes used to connect the vocal fold models to the top of the subglottal duct. The bottom plate
was used to secure the duct to an air flow setup.
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Figure 4-1. Images of subglottal duct and stenosis insert with dimensions.

4.2.3 Vocal Fold Model
The vocal fold models used in this study were the same as the model developed by
Murray (2011). Figure 4-2 shows model geometry and dimensions. Following the procedure of
Murray, the models consisted of four layers representing the body, ligament, cover, and
epithelial tissue layers of the vocal folds with a fiber through the ligament layer to create
anisotropic material stiffness. The models were fabricated using three-part addition cure silicone
with differing ratios to create material properties appropriate for each layer.
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Figure 4-2. Synthetic vocal fold model, showing coronal cross-section with four-layer geometry (left) and
isometric view (right).

At the time of model fabrication, specimens of the silicone used for each layer were made
to test material properties. Cylindrical tensile specimens, 8 mm in diameter and approximately
120 mm long, were used to obtain elastic modulus data. Using an Instron tensile tester (3342) the
specimens were extended at 1000 mm/min to 40% strain for 5 pre-cycles and then extended once
more to 40% strain at 10 mm/min. Data from this last extension was recorded and used to
calculate the Young’s modulus. Young’s modulus values for the body, ligament, and epithelial
layers were 16.2, 1.96, and 66.5 kPa, respectively. The cover material was too soft for tensile
testing; therefore, thin, cylindrical specimens (40 mm in diameter and 2 mm thick) for
viscoelastic material properties measurements were fabricated. Using a TA Instruments
rheometer (AR-2000EX) with a 40 mm parallel plate geometry, the specimens were subject to
rotational shear forces at rates from 0.1 to 100 rad/s in order to determine the elastic and shear
moduli (G’ and G’’) and dynamic viscosity (η’) of the material. Results of the tests are shown in
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Figure 4-3. While G’ was relatively constant, G’’ generally increased and η’ decreased with
increasing angular frequency, demonstrating that the silicone exhibited viscoelastic material
behavior. This material behavior is similar to properties of human vocal fold tissue (Chan and
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Figure 4-3. Rheological properties of silicone for various vocal fold model layers.
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4.2.4 Experimental Setup
The experimental setup is illustrated in Figure 4-4. A pressurized air source was
connected to a plenum settling chamber. A 40 cm flexible PVC tube connected the plenum to the
subglottal duct. The vocal fold models were fastened to the top of the subglottal duct, in line with
the air flow. A rotameter (Key Instruments) was installed upstream of the plenum to measure and
adjust flow rate. Two differential pressure transducers (Kulite XCS-1-140-1D) were placed in
pressure taps (1.85 mm diameter) in the subglottal duct to acquire pressure waveforms at two
locations: (1) upstream of the stenosis (herein referred to as pre-stenosis pressure), and (2)
directly below the vocal folds (herein referred to as post-stenosis pressure). A microphone
(Larson Davis 2520) was clamped in place above the vocal fold models to record radiated sound
during model vibration. The signals from the pressure transducers and microphone were read
into and recorded by LabVIEW (National Instruments) by means of a National Instruments data
acquisition system (NI cDAQ-9172). A high speed camera (Photron Fastcam SA3) was mounted
above the vocal fold models to capture model motion.

4.2.5 Experimental Procedures
Vocal fold model vibration was initiated by effecting air flow through the vocal fold
models until self-oscillation was produced. Onset pressure was determined by gradually
increasing air flow via the flow meter valve until the models just began to vibrate, and recording
the mean pressure recorded by the post-stenosis pressure transducer. This was done five times
and the onset pressure values were averaged to take into account variation in the onset pressure.
Using the average onset pressure (Pon) values of 125% and 150% of the onset pressure (P1.25 and
P1.5) were determined, and the models were then vibrated at approximately these nominal values.
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The values at which the models actually vibrated were not exactly these nominal values because
of variation in the pressure signal and sensitivity of the flow control valve.

Figure 4-4. Experimental setup. Red stars show pressure tap locations in subglottal duct.

Data were acquired for each of three stenosis inserts (0%, 60%, and 95% stenosis) at each
of the three pressures. The data included flow rate, pressure waveforms and mean pressures for
both the pre- and post-stenosis pressures, microphone output, and high speed images. Flow rate
was manually read from the flow meter. Pressure and sound data were recorded in LabVIEW for
0.488 s at a rate of 25,600 Hz. Also included in the LabVIEW output was a spectral analysis of
the sound for each run, with a resolution of 2.048 Hz. High speed images of a superior view of
the vocal fold model vibration were recorded at 3000 frames per second with 512×512 pixel
resolution. Approximately 3000 images were saved for each run. Images were postprocessed
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using a MATLAB code to obtain glottal area and videokymogram (VKG) images of the model
motion. Glottal area was found by using a thresholding function to select all the pixels that
represented dark glottal space and calculating the area with a pixel/mm calibration. VKG images
were obtained in the MATLAB code by locating the center of the glottis in the anterior-posterior
direction and retrieving the line of pixels perpendicular to the glottal opening at the center. The
line of pixels retrieved from each image became each consecutive column of pixels in a VKG
image. VKG images show glottal area waveforms and are sometimes used in clinical settings to
observe asymmetric motion and mucosal wave motion.

4.2.6 Uncertainty Analysis and Statistical Significance
Estimates of the uncertainty in each of the experimental measurements were calculated.
Details of the calculations are provided in Appendix A. Calculated uncertainty values are listed
in Table 4-1.
Statistical significance of the results was determined by an unpaired t-test. The results
between cases (samples) were compared by first calculating a two-sample t-statistic, given by
̅
√

where ̅ is the sample mean,

⁄

̅
⁄

,

is the sample standard deviation, and

(4-1)
is the number of sample

data points. The subscripts 1 and 2 correspond to each respective sample in the comparison.
From this t-statistic a p-value was found and compared to a significance level of α = 0.05,
corresponding to a 95% confidence level. If the resulting p-value of the comparison was less than
0.05 the difference in the results between the two cases was considered to be statistically
significant. Because multiple measurements were only taken at onset pressure, statistical
significance could only be determined for results at Pon.
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Table 4-1. Uncertainty in experimental measurements.
Measurement

Uncertainty

Subglottal Pressure

± 27.88 Pa

Onset Pressure

± 75.91 Pa

Flow Rate

± 48.6 ml/s

Frequency

± 1.024 Hz
± 1.157 mm2

Glottal Area

4.3

Results

4.3.1 Pressure
Figure 4-5 shows mean pre- and post-stenosis pressure data for the three different
stenosis severities (0%, 60%, and 95%) at the three pressures (Pon, P1.25, and P1.5). Onset pressure
increased slightly as stenosis severity increased. Pre- and post-stenosis pressure readings at all
three pressures were essentially identical for the 0% and 60% cases, while the pre- and poststenosis pressure differed at all three pressures for the 95% case. Pre-stenosis pressure was
considerably greater than post-stenosis pressure, signifying that a pressure drop existed across
the stenosis. The pressure drop increased with increasing pressure, having dropped by 9%, 13%,
and 17% at Pon, P1.25, and P1.5, respectively. While the uncertainty of the pressure measurements
was high compared to the magnitude of the pressure drops (±28 Pa compared to 19, 35, and 57
Pa), the same behavior was repeated at all three pressures. Thus, there is confidence in the
results. Comparing pre- and post-stenosis pressures at Pon yielded p-values much greater than α =
0.05 for the 0% and 60% cases but less (p = 0.01) for the 95% case, showing that the pressure
drop was statistically significant.
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Figure 4-5. Mean pre- and post-stenosis pressure measurements for each case of stenosis severity. Top right
and left plots are at onset pressure (Pon) and 125% of onset pressure (P1.25), respectively. Bottom plot is at
150% of onset pressure (P1.5). Lighter gray represents pre-stenosis pressure, and darker gray denotes poststenosis pressure. Error bars at Pon show one standard deviation.

Pressure waveforms for the first 0.05 s of recorded pressure data are shown in Figure 4-6
for all stenosis cases at P1.25. The waveforms for the 0% and 60% case showed similar trends.
The pre-stenosis and post-stenosis pressures were generally in phase. The waveforms were
similar, although the post-stenosis pressure clearly reached a higher value than the pre-stenosis
pressure. Since Figure 4-5 showed that the mean pressures were essentially the same, this higher
subglottal pressure here must be accounted for in other deviations between the waveforms,
78

Pressure (kPa)

0.5

Pre-Stenosis

Post-Stenosis

0%

0.4
0.3
0.2
0.1
0
0

0.01

0.02

0.03

0.04

0.05

Time (sec)

Pressure (kPa)

0.5
0.4
0.3
0.2
0.1

60%

0
0

0.01

0.02

0.03

0.04

0.05

Time (sec)

Pressure (kPa)

0.5
0.4
0.3
0.2
0.1

95%

0
0

0.01

0.02

0.03

0.04

0.05

Time (sec)
Figure 4-6. Pressure waveforms for the first 0.05 sec of recorded data for the 0% (top), 60% (middle), and
95% (bottom) cases at 125% of onset pressure (P1.25).

likely, in the valley of the waveform where the post-stenosis pressure spends more time at values
below the mean than the pre-stenosis pressure. The 95% case showed somewhat different
behavior between the pre-stenosis and post-stenosis waveforms. The peak of the post-stenosis
pressure was again higher, but the trough was also lower, than the pre-stenosis pressure. Also,
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the trough of the post-stenosis waveform was even wider for this case, likely contributing to the
mean pressure post-stenosis being lower than the pre-stenosis pressure for the 95% case. Another
feature of interest is the noise that appears in the post-stenosis pressure waveform. This is not
apparent in the 0% or 60% cases. The pre-stenosis pressure for the 95% case also does not
appear to experience this noise. Pressure waveforms at Pon and P1.5 showed similar results to
these for all cases, except that the noise in the post-stenosis pressure waveform for 95% was less
at Pon and slightly more prevalent at P1.5.

4.3.2 Glottal Area, Flow Rate, and Frequency
Figure 4-7 shows glottal area over an oscillatory cycle for each case at P1.25. The glottal
area waveforms appeared very similar for all three cases. Both the 60% and 95% glottal area
curves bear the same general shape as the 0% case, and the peak occurs at the same point in the
cycle, meaning that the duration of the glottal opening and closing phases were unchanged. The
0% and 60% cases exhibit essentially the same maximum glottal area (about 16 mm2). The only
difference that was seen was a larger maximum glottal area (19.1 mm2) for the 95% case
compared to the others. At Pon all the waveforms, including maxima, showed no significant
differences. At P1.5 the same behavior as that shown here was observed, with the 0% and 60%
cases being essentially identical and the 95% case showing a greater maximum glottal area.
Flow rate and model vibration frequency values versus pressure are given for all cases in
Figure 4-8. As expected, flow rate increased steadily as pressure increased. The pressure-flow
relationship was more or less linear for all three cases, generally increasing by 25% to 30% with
each pressure increase. Comparing the cases at each pressure showed a sporadic trend, as flow
rates for the 60% cases were 7% (or less) lower than the 0% cases, while 60% to 95% cases
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showed up to about a 17% increase. The uncertainty in flow rate measurement (±48.6 ml/s) was
higher than any of the variation between cases.

60%

0%

95%

Figure 4-7. Glottal area over a nondimensionalized oscillatory cycle for all three cases at P 1.25.

Vibration frequency generally decreased with increasing pressure. The relationship here
was again linear for the 0% and 60% cases, with frequency dropping about 3 Hz with each
pressure increase. The 95% case, on the other hand, varied somewhat nonlinearly and showed
twice as large of a frequency change between Pon and P1.25 than the other cases. This contributed
to a larger overall drop between Pon and P1.5 of around 9 Hz. Like the other cases, the 95% case
decreased about 3 Hz as pressure increased from P1.25 to P1.5. As with flow rate, frequency
changed unpredictably between the stenosis cases, increasing approximately 3 Hz from 0% to
60% and decreasing close to 5 Hz from 60% to 95% at pressures above onset.
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Figure 4-8. Flow rate (left) and model vibration frequency (right) for all cases and pressures.

4.3.3 Sound Analysis
Acoustic power spectral density (PSD) plots from the microphone signals for each case at P1.25
are given in Figure 4-9. The two primary contributors to the radiated sound were at the
fundamental frequencies (about 122, 125, and 120 Hz) and the next harmonic frequencies (about
twice the fundamentals) for the 0%, 60%, and 95% cases, respectively. Other smaller
contributions are seen at the higher harmonics. The fundamental frequency corresponds to the
model vibration frequency.
While some subtle differences in the amplitudes of the PSD spikes were observable, the
combine effect of the differing amplitudes over the spectrum was uncertain. In addition, the PSD
amplitudes were influenced by driving pressure and flow rate, values which were slightly
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different for the different cases. Therefore, in order to make the power spectra directly
comparable, power efficiency (power) was calculated as
̅ ̅

,

(4-2)

where Π is the total radiated power, found by integrating PSD over the desired frequency range
(100 to 1000 Hz, in the present study), ̅ is the mean subglottal pressure, and ̅ is the average
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Figure 4-9. Power spectral density plots for each case at P1.25.
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Power efficiency values, normalized by the efficiency for the 0% case at each respective
pressure, are shown in Figure 4-10. Power efficiency remained almost unchanged between the
0% and 60% cases but clearly decreased between the 60% and 95% cases. The drop in efficiency
was 13% at both Pon and P1.25 and 17% at P1.5.
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Figure 4-10. Power efficiency vs. stenosis severity at three pressures.

4.3.4 Videokymography
High-speed videokymograms (VKGs) of the 0%, 60%, and 95% cases at P1.25 are
displayed in Figure 4-11 for 10 oscillatory cycles. Regions are marked in the figure which
corresponded to distinct phases of the glottal area waveform. Region A was during glottal
opening, where the glottal profile is convergent and the pixel line showed only the superior
surface of the vocal fold model. Region B was during glottal closing where the glottis shifted to a
divergent shape so that the medial surface also was visible (darker, medial-most area). Region C
denotes where the vocal fold models contacted and the glottis was fully closed.
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Comparison of the cases did not reveal any significant differences in the motion. The
duration of each portion of the cycle (opening, closing, closure) appeared to be essentially the
same for all of the cases. The pixel lines throughout the cycle appeared to show the same features
of the vocal fold surface for all three cases. Consistent with glottal area results above, the 95%
case seemed to have a slightly larger maximum glottal width than the other two cases. Other
distinct features that would indicate differences in model motion among the cases were not
evident.

Figure 4-11. Videokymograms for 0% (top), 60% (middle), and 95% (bottom) cases at P1.25.

85

4.4

Discussion
Mean pressure and pressure waveform data pre- and post-stenosis revealed that the

stenosis presence had an effect on subglottal pressure distribution at high severities of stenosis.
Mean pressure data showed a pressure drop across the stenosis at 95% which increased as
subglottal pressure was increased. This result agrees with studies that have computationally
modeled airways with stenosis and found that the stenosis caused increased pressure drops in the
flow (Cebral and Summers, 2004; Brouns et al., 2006; Mihaescu et al., 2008). In addition, in the
previous chapter it was shown that the pressure drop across a stenosis in a computational model
increased with increasing stenosis severity and in turn affected glottal resistance and other
factors. A significant pressure drop across the stenosis at 95% likely indicates that in order to
increase the subglottal pressure to the onset pressure a higher lung pressure is required. This may
correspond to more effort required for speech in patients with high severities of stenosis.
Another effect of the stenosis was that the pressure waveform for the 95% case showed
high frequency noise, where none was present in the other cases. It is possible that the source of
the noise was turbulence in the subglottal flow due to the stenosis, but this is uncertain. Flow
visualization should be performed in order to determine if subglottal flow is indeed disturbed by
the stenosis and how this might affect subglottal pressure.
The stenosis apparently had little effect on the glottal width and general model motion.
The VKGs showed essentially no change between the normal case and the stenosis cases, except
a slightly greater glottal width for the 95% case, which was consistent with the greater glottal
area calculations for this case. It is uncertain why glottal area was larger for the 95% case and
not for the 60% case. It is possible that the slightly higher subglottal pressure and flow rate for
this case would contribute to greater driving forces and a wider opening glottis, but the variation
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in pressure and flow did not seem to make a difference for the 60% case. Another explanation
may be experimental artifacts. For example, as stenosis inserts were exchanged, the vocal folds
models were unmounted from the setup. Remounting the models caused them to be slightly
closer or farther apart than for the previous case, contributing to differences in the maximum
glottal gap achieved during vibration. Further investigation into this measure would be
warranted.
Flow rate and frequency results were somewhat inconclusive. Flow rate and frequency
varied expectedly as pressure increased but showed unpredictable variation with increasing
stenosis severity. While measurement uncertainty may have played a role, another reason for this
behavior was again possibly the method of varying stenosis severity, explained above. Since the
onset pressure, flow rate, and frequency for these particular models are highly sensitive to how
much initial contact and pressure exists between the models, this may have contributed to the
sporadic trend between cases. Although firm conclusions cannot be drawn about the effect of the
stenosis because of this variation, there may still be some significance to a larger change between
60% and 95% than between 0% and 60%.
Sound analysis provided evidence that a stenosis alters power efficiency of the radiated
sound at high severities of stenosis. Power efficiency generally shows how much power is
produced for the given pressure and flow rate. Regarding the voice, it is related to the effort
required to produce the sound. These results suggested that with the presence of SGS, the effort
required to speak increases since less power is produced for the given pressure and flow rate.
Overall, the results of the present study compare well with and show similar behavior as
those seen in computational models (see section 3.3). Here a noticeable pressure drop occurred in
the flow across the stenosis at 95%. The computational models showed that the pressure drop
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across the stenosis was substantial enough to affect glottal resistance at stenosis severities of
90% and above. Glottal width, flow rate, and frequency were also affected with 90% or greater
stenosis in the computational models. Although these results with the synthetic model were
inconclusive, there was greater change in these same factors for the 95% case than for the 60%
case. Additionally, power efficiency of the sound from the synthetic models followed the same
trend as the computational model results, as it was not affected until the stenosis severity reached
95%.

4.5

Conclusions
Subglottic stenosis was modeled using an experimental airway setup, including four-layer

silicone self-oscillating vocal fold models. This setup used to determine how subglottic stenosis
affects vibration of synthetic models. Results showed that in a synthetic model subglottic
stenosis caused a significant pressure drop across the stenosis at 95%, which increased as
pressure was increased. In addition, power efficiency of the radiated sound steadily decreased
with increasing stenosis severity, which may have important implications for the effect of
stenosis on the human voice. Stenosis had little effect on glottal area and model motion. The
stenosis generally had a more noticeable and substantial effect for the 95% case. This compares
well with the results of the computational work of the previous chapter, which showed that
stenosis affects vocal fold model vibration at severities of 90% or higher.
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5

5.1

CONCLUSIONS AND FUTURE WORK

Effect of Inferior Angle on the Self-Oscillation of a Computational Vocal Fold Model
(Chapter 2)

5.1.1 Conclusions
A two-dimensional, self-oscillating, finite element model of the vocal folds was used to
study the effect of changing inferior vocal fold surface geometry on vocal fold vibration. Fullycoupled fluid-structure interaction simulations with varying geometry were performed.
Simulations using a partially rigid model were carried out in order to isolate and study the effects
of changing subglottal aerodynamic loading on the model. Results of the fully-flexible model
simulations showed that vocal fold vibration was significantly altered as the inferior angle of the
model was varied. Specifically, reducing the angle resulted in greater vertical displacement of
the vocal fold and a smaller convergent-divergent spatial portion of the glottis. Associated with
changes in vibration were decreases in glottal width and flow rate amplitudes and net airflow-totissue energy transfer as the inferior surface angle was reduced. The partially rigid model
responses yielded evidence that changes in vibration of the fully-flexible models occurred
primarily because of changes in structural, rather, than aerodynamic, model responses.
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5.1.2 Future Work
In order to confirm these findings and draw further conclusions regarding vocal fold
vibration and voice quality, future studies are recommended, including more advanced computer
modeling (e.g., three-dimensional, more anatomically accurate geometry, and materially
anisotropic models over a range of geometries), and experiments using synthetic vocal fold
models and possibly excised larynges. Future research should also include an in-depth
exploration of why changing the inferior angle caused the resulting response and what profile
geometry is optimal.

5.2

Influence of Subglottic Stenosis on Computational Vocal Fold Model Flow-Induced
Vibration (Chapter 3)

5.2.1 Conclusions
A two-dimensional, fluid-structure interaction model was used to simulate the flowinduced vibration of the vocal folds with varying degrees of subglottic stenosis. The results
showed that the presence of stenosis of up to 60% did not alter vocal fold vibration, while a
stenosis of 90% or greater influenced several factors related to vocal fold vibration. Vertical
model displacement, glottal width amplitude, and flow rate amplitude decreased with increasing
stenosis severity above 90%. The model sensitivity to subglottic stenosis increased with
increasing pressure, and changes in vibration correlated with changes in glottal flow resistance.
Subglottic stenosis caused a substantial pressure drop in the subglottis, which may be a large
contributing factor to other parameters, such as resistance and glottal width, being affected.
Stenosis caused significant disturbances in subglottal flow with as low as 60% stenosis, which
increased with increasing stenosis severity. The disturbed flow did not appear to affect vibration.
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High severities of stenosis lead to significant decreases in frequency and maximum flow
declination rate, suggesting that subglottic stenosis can cause changes in sound and power of the
voice.

5.2.2 Future Work
Because this is the first attempt to study the response of self-oscillating vocal fold models
due to SGS, further work must be performed in order to corroborate the findings of the present
study. While the experimental work in Chapter 4 begins to address the need for comparison to
the response of synthetic vocal fold models, further work using synthetic models is suggested.
Supplemental computational studies should employ three-dimensional geometry and more
complete material definitions (i.e., viscoelasticity, anisotropy). Most importantly, there is a need
for data from real vocal folds, including both in-depth studies of voice quality in SGS patients
and studies using excised larynges. Future studies should consider varying stenosis location and
defining a more realistic stenosis, including accurate three-dimensional geometry and improved
tissue properties. In addition, flow visualization, particularly particle image velocimetry, in the
region of the stenosis should be performed.

5.3

Influence of Subglottic Stenosis on Synthetic Vocal Fold Model Flow-Induced
Vibration (Chapter 4)

5.3.1 Conclusions
Subglottic stenosis was modeled using an experimental airway setup, including four-layer
silicone self-oscillating vocal fold models. This setup used to determine how subglottic stenosis
affects vibration of synthetic models. Results showed that in a synthetic model subglottic
stenosis caused a significant pressure drop across the stenosis at 95%, which increased as
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pressure was increased. In addition, power efficiency of the radiated sound steadily decreased
with increasing stenosis severity, which may have important implications for the effect of
stenosis on the human voice. Stenosis had little effect on glottal area and model motion. The
stenosis generally had a more noticeable and substantial effect for the 95% case. This compares
well with the results of the computational work of the previous chapter, which showed that
stenosis affects vocal fold model vibration at severities of 90% or higher.

5.3.2 Future Work
While the present study represents relevant work, it is somewhat preliminary and should
include in the future more extensive research, including more cases of stenosis, multiple models,
and both glottal jet and subglottal flow visualization. Other suggestions for future work include
those given in the future work section for Chapter 3 above (Section 5.2.2).
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APPENDIX A.

UNCERTAINTY ANALYSIS

A.1 Subglottal Pressure
The subglottal pressure at both pressure taps was measured using silicone membrane
differential pressure transducers referenced to the atmospheric air outside of the subglottal duct.
The total uncertainty of the pressure measurements was calculated as
√

,

(A-1)

where uhyst, ucalib, and udrift are the nonlinearity/hysteresis, calibration, and drift uncertainties,
respectively. The combined uncertainty due to nonlinearity and hysteresis specified by the
manufacturer was ±0.15% of the full scale output (80 mV). From this voltage a pressure value
was found by dividing by the manufacturer-specified calibration of 35.200 mV/PSI and
converting the units to Pa. uhyst was found to be ±23.5 Pa. ucalib was taken as half of the resolution
of the calibration (±0.0005), which was again converted to a pressure in Pa using the calibration
value and changing units, giving an uncertainty due to calibration of ±0.1 Pa. Over time there
was a slight drift in the DC offset of the transducers, changing as much as 15 Pa while taking
measurements for each case. Thus, the uncertainty due to the drift (udrift) was ±15 Pa.
Substituting each uncertainty value into Equation A-1 above resulted in a total uncertainty in
subglottal pressure measurement of ±27.88 Pa.
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A.2 Onset Pressure
Onset pressure was determined by gradually increasing air flow until vocal fold model
vibration began and recording the post-stenosis pressure at this point. This was done five times
for each case, and the means and standard deviations were found. The uncertainty of these
measurements was estimated statistically, based on the sample size and spread of the
measurements, by the following equation:
̅.

The standard deviation of the means (

(A-2)

⁄√ ) was calculated with the worst case standard
̅

deviation ( ) of 57 Pa and sample size (n) of 5. The t-estimator (

), corresponding to 4

degrees of freedom (v = n-1) with a 95% confidence level, was given from tabulated data as
2.770. This resulted in an uncertainty of ±70.61 Pa, which was combined with the uncertainty
from the pressure transducer measurements as
√

.

(A-3)

This gave a total uncertainty in the onset pressure of ±75.91 Pa.

A.3 Flow Rate
Flow rate was measured with a rotometer. The uncertainty of the flow measurements
takes into account uncertainties in both the resolution (ures) and accuracy (uacc) of the flow meter,
by
√

.

(A-4)

The resolution uncertainty was half the resolution of 47.2 ml/s, or ±23.6 ml/s. The accuracy
uncertainty was specified by the manufacturer to be ±3% of the full scale output (1416 ml/s),
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giving an uncertainty of ±42.5 ml/s. These values in Equation A-4 above yield a total flow rate
uncertainty of 48.6 ml/s.

A.4 Frequency
Model vibration frequency was found in LabVIEW, which determined the fundamental
frequency from the power spectrum of the periodic pressure signal. The pressure signal used to
find the power spectrum was recorded for 0.45 sec at 25,600 Hz, giving a frequency
discrimination of 2.048 Hz. The uncertainty in the frequency measurement was taken as half of
this frequency resolution, or ±1.024 Hz.

A.5 Glottal Area
Uncertainty in the calculation of glottal area was estimated as a combination of zeroorder (u0), threshold (uth), and calibration (uc) uncertainties by
√

.

(A-5)

The zero-order uncertainty due to the resolution of the high speed camera was taken as
half of the smallest area the camera could measure, as follows:
[(

) ] .

(A-6)

The length scale calibration for the high speed images of 29 pixels/mm was used as the
denominator in the above equation, yielding an uncertainty of ±1.41×10-6 mm2.
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The uncertainty due to thresholding took into account the change in calculated glottal
area based on the selected threshold value for differentiating between the airway and the vocal
fold model. This was estimated by
(

) ,

(A-7)

where A is the glottal area, Th is the threshold value (from 10 to 30 in this case, based on a scale
from 0 to 255 for 8-bit grayscale intensity values), and Cth is the difference between threshold
values (an increment of 10 was used between threshold values). The change in area per change in
threshold (

) was found by taking the slope of a line that was fit through maximum glottal

area points calculated at threshold values of 10, 20, and 30 for the 95% case. The resulting
threshold uncertainty was ±0.708 mm2.
The calibration uncertainty took into account the change in calculated glottal area due to
changes in image length scale calibration, which was determined by the user selecting two image
points 10 mm apart. The uncertainty is given by
(
where

) ,

(A-8)

represents the sensitivity of the calculated glottal area to the user-selected calibration

points. The length scale calibration was varied as calibration point locations were moved ±2
pixels in the y-direction. Glottal area was calculated using each different calibration, and

was

calculated as the difference in maximum and minimum glottal areas over the overall difference
in y-position of the selected points corresponding to those areas. The uncertainty in pixel
location of the points (yp) was estimated to be ±4 pixels. Calibration uncertainty was found to be
±0.631 mm2.
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Substituting the individual uncertainty values into Equation A-5 gave a total uncertainty
in glottal area of ±1.157 mm2.
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